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ABSTRACT 

 

 

 

ADAPTATION OF A SINGLE-STAGE CHEMOSTAT SYSTEM TO MODEL 

FUNCTIONAL ASPECTS OF THE HUMAN DISTAL GUT MICROBIOTA 

 

 

 

Kathleen F.B. Schroeter                                                                  Advisors: 

University of Guelph, 2014                                                             Dr. Emma Allen-Vercoe and  

                                                                                                           Dr. Cezar Khursigara 

 

 The human gastrointestinal (GI) microbiota plays an important role in health and disease; 

in particular, commensal colonic biofilms have become a key focus of modern research efforts.  

However, in vitro models of the distal gut that also investigate colonic biofilm formation are still 

in their infancy.   

In this study we modified an in vitro single-stage chemostat model to successfully 

capture and sample the early colonizer biofilm communities associated with the healthy human 

distal gut.  Mucin and sIgA, host-derived macromolecules used by the gut microbiota as binding 

sites for biofilm formation, were used to condition biofilm sampling sections.  Fecal 

communities and defined microbial populations were used to validate the biofilm capture model 

and were analyzed with 16S-DGGE (a molecular fingerprinting technique) and community 16S 

rRNA gene sequencing.  More diverse biofilm growth was captured on biologically relevant 

substrata compared to controls for all tested communities.  We also identified members of the 

Enterobacteriaceae, Gammaproteobacteria incertae sedis, and to a lesser extent, the 

Streptococcaceae, Bifidobacteriaceae and Lactobacillaceae families as contributing to early 

biofilm formation.  In addition, defined microbial communities were able to successfully 

simplify the fecal community from which they were isolated while still retaining considerable 



 
 

complexity in the planktonic (steady state) and biofilm forms.  We were also able to create 

reproducible, defined microbial communities derived from feces that achieved the same 

ecological and functional steady state as one another in the chemostat model, despite the 

inclusion of isolate inocula with different starting biomass proportions.   

Overall, the research presented in this thesis has helped to advance our current 

understanding of the structure of healthy biofilm communities in the distal colon.  This 

information may help to guide researchers and clinicians who aim to modulate the microbiota of 

patients with acute or chronic GI diseases, including the use of, for example, microbial 

ecosystem therapeutics to treat and cure Clostridium difficile infections.  In the future, our 

experimental approach could also be applied to the investigation of different types of distal gut 

communities in a state of health and disease, in addition to other niches of the human 

microbiome, including vaginal, oral, skin and nasopharyngeal microbiotas. 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

Acknowledgments 

 I would like to begin by thanking my supervisors Dr. Emma Allen-Vercoe and Dr. Cezar 

Khursigara for their guidance and expertise throughout my graduate degree.  I am thankful to 

have had supervisors who encouraged a well-rounded graduate degree that included experience 

teaching at an undergraduate level and volunteering in the university and city communities.  In 

addition I would like to thank the members of my advisory committee Dr. Wendy Keenleyside 

and Dr. Marc Habash for their direction and allowing me to pick their brains for ideas. 

 I would also like to thank Dr. Scott Weese for his bioinformatics expertise, imparting his 

knowledge of next-generation sequencing statistical analysis and especially his never-ending 

patience when answering all of my questions.  Sandi Yen of the Marc Aucoin research group 

was also critical in helping me with metabolomics experiments, and I would like to thank her 

very much for her diligence and hard work.  Scott and Sandi, you were truly outstanding 

collaborators. 

 I would like to acknowledge the government of Ontario for providing financial support 

throughout my graduate degree in the form of scholarships.  Additionally, I would like to 

recognize the Canadian Institutes of Health Research and the Ontario Ministry of Agriculture, 

Food and Rural Affairs for providing funding to the Allen-Vercoe and Khursigara labs for my 

research. 

 Special thanks go out to past and present members of the Allen-Vercoe, Khursigara and 

Lo labs for making my graduate studies both enjoyable and memorable.  I would like to thank 

Dr. Julie McDonald for teaching me all she knew about chemostats and for all the hard work she 

put into my project.  Thank you Jaclyn Strauss, Michelle Daigneault, Kyla Cochrane, Michael 



v 
 

Toh, Ian Brown, Christian Ambrose, Christian Carlucci and Kaitlyn Oliphant for making me 

laugh on a daily basis and helping me throughout my degree.  I would particularly like to thank 

the subgroup for their friendship, love and support.  Always there with a kind and honest word, 

thank you especially for your help through those bad science days. 

 Last, but most definitely not least, I want to thank my family for their unconditional love 

and encouragement, you were always there no matter what time of the day.  Thank you Atlas for 

going with me on countless walks that allowed me to clear my head.  Thank you James for your 

unyielding love and support, I could never have done this without my best friend.  I have been 

blessed to have all of you in my life.   

   

 

 

 

 

 

 

 



vi 
 

Author’s Declaration of Work Completed 

 I declare that all the work carried out in this thesis is my own with the exceptions 

outlined below. 

 Dr. Julie McDonald, Michelle Daigneault, Ian Brown, Christian Carlucci and Christian 

Ambrose assisted with the set-up and maintenance of several chemostat runs, helping to 

complete tasks such as sampling the vessels, making media and stocking supplies. 

 The DEC (chapter 3), MET-1 (chapter 3) and MET-2 (chapter 5) communities were 

isolated and identified by Michelle Daigneault and Eric Brown.  The DEC community inoculum 

was prepared by Dr. Julie McDonald and I while the MET-1 and -2 communities were prepared 

by Michelle Daigneault.  The MET-3 (chapter 5) communities were isolated and identified by 

Michelle Daigneault and Kaitlyn Oliphant and the inocula were prepared by Michelle 

Daigneault.   

 Illumina sequencing and sample prep beyond PCR purification was carried out by the 

Advanced Analysis Centre at the University of Guelph however sample prep to the point of PCR 

purification was conducted by myself.  The bioinformatics analyses were carried out by Dr. Scott 

Weese, including aligning reads, filtering sequences, assigning taxonomy and generating tables 

of counts.  Michelle Daigneault also assisted in the culture of DEC, MET-2 and MET-3 

components for full-length 16S rRNA gene sequencing to generate the internal taxonomy 

database. 

 Proton Nuclear Magnetic Resonance spectroscopy and downstream analyses were carried 

out by Sandi Yen and the Dr. Marc Aucoin research group at the University of Waterloo on 

samples taken from MET-2 and -3 communities (Chapter 5).    



vii 
 

TABLE OF CONTENTS 

Abstract…………………………………………………………………………………………. ii 

Acknowledgements…………………………………………………………………………….. iv 

Author’s Declaration of Work Completed…………………………………………………… vi 

List of Figures…………………………………………………………………………………. xii 

List of Tables…………………………………………………………………………………... xv 

Glossary of Abbreviations………………………………………………………………….. xviii 

Chapter 1. INTRODUCTION…………………………………………………………………..1 

1.1 The human gastrointestinal microbiota………………………………………………..1 

1.2 Biofilms of the human gut…………………………………………………………….7 

1.3 Probiotics, prebiotics and the treatment of disease…………………………………..12 

1.4 Modeling the gut microbiota luminal and mucosal communities……………………23 

1.5 Research rationale……………………………………………………………………26 

1.6 Research objectives…………………………………………………………………..28 

Chapter 2. MATERIALS AND METHODS………………………………………………….30 

 2.1 Preparation of single-stage chemostats………………………………………………30 

 2.2 Preparation of a fecal inoculum……………………………………………………...33 

 2.3 Preparation of a defined microbial community inoculum…………………………...34 

 2.4 Inoculation and operation of chemostats…………………………………………….40 

 2.5 Examining primary colonizers of chemostat-derived biofilms……………………....40 

 2.6 Biofilm capture experiment preparations…………………………………………….42 

 2.7 Conducting biofilm capture experiments (adding and removing sample sections)….45 

 2.8 Biofilm sample processing…………………………………………………………...45 



viii 
 

 2.9 DNA extraction………………………………………………………………………48 

 2.10 16S-DGGE………………………………………………………………………….49 

 2.11 16-S DGGE statistical analysis. ……………………………………………………51 

2.11.1 Community dynamics analysis…………………………………………...51 

  2.11.2 Species richness…………………………………………………………..52 

  2.11.3 Shannon diversity index.………………………………………………….53 

  2.11.4 Shannon equitability index.………………………………………………53 

  2.11.5 Compensating for 16S-DGGE gel-to-gel variation………………………54 

 2.12 PCR amplification and MiSeq® platform Illumina® sequencing………………….54 

 2.13 Bioinformatics pipeline of the 16S rRNA gene sequencing data…………………..57 

 2.14 Statistical analysis of the 16S rRNA gene sequencing data…………...…………...61 

 2.15 Metabolite profiling with 1D-
1
H NMR spectroscopy………………………………61 

 2.16 Statistical analysis of 1D-
1
H NMR spectroscopy metabolite profiles……………...63 

Chapter 3. DEVELOPMENT OF A NOVEL METHOD TO CULTURE AND    

                   CHARACTERIZE THE PRIMARY COLONIZERS OF IN VITRO  

                   BIOFILMS OF THE DISTAL COLON………………………………………….65 

 3.1 Introduction…………………………………………………………………………..65 

 3.2 Results………………………………………………………………………………..67 

  3.2.1 Determining steady state for donor A feces, DEC and MET-1 planktonic   

                                 communities………………………………………………………………..67 

  3.2.2 Demonstrating the reliability of the mucin conditioning film……………..76 

  3.2.3 The development of primary colonizer biofilm profiles on different  

                                 substrates for donor A, DEC and MET-1 communities……………………80 

  3.2.4 Sequencing of 1-hour time point samples from donor A, DEC and MET-1  

                                 primary colonizer biofilms (substrate treatments and controls)…………...97 

 3.3 Discussion…………………………………………………………………………..102 



ix 
 

Chapter 4. INVESTIGATING THE PRIMARY COLONIZERS OF IN VITRO COLONIC  

                   BIOFILMS FROM DIFFERENT FECAL DONORS…………………………111 

 4.1 Introduction…………………………………………………………………………111 

 4.2 Results………………………………………………………………………………112 

  4.2.1 Determining steady state for donor B (B1 & B2) and donor C (C1 & C2)  

                                 communities………………………………………………………………112 

  4.2.2 Comparing donor B and C planktonic community biological replicates…115 

  4.2.3 Comparing community profiles for primary colonizer biofilms from donors  

                                 B and C over time using different substrates……………………………..121 

  4.2.4 Sequencing of donor B and C 1-hour time points of primary colonizer  

                                 biofilms (substrate treatments and controls)……………………………...140 

 4.3 Discussion…………………………………………………………………………..144 

Chapter 5. ASSESSING THE COMMUNITY DYNAMICS OF DEFINED GUT  

                   MICROBIAL COMMUNITIES………………………………………………...154 

 5.1 Introduction…………………………………………………………………………154 

 5.2 Results………………………………………………………………………………156 

  5.2.1 Determining steady state for MET-2 (A-D) and MET-3 (A-D) defined   

                                 communities………………………………………………………………158 

  5.2.2 Comparing biological replicates of MET-2 and MET-3 defined  

                                 communities………………………………………………………………163 

  5.2.3 Do MET-2 and MET-3 defined communities reach the equivalent steady  

                                 state?...........................................................................................................168 

  5.2.4 Comparing and contrasting MET-2 and MET-3 steady state  

                                 communities………………………………………………………………171 

  5.2.5 1D-
1
H NMR analysis of MET-2 and MET-3 defined communities……...181 

 5.3 Discussion…………………………………………………………………………..187 

Chapter 6. SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS………………194 

REFERENCES………………………………………………………………………………...207 



x 
 

APPENDICES…………………………………………………………………………………240 

Appendix A. MATERIALS AND METHODS………………………………………………240 

 Appendix A.1 Preparation of freezing media and long-term storage of bacterial  

                                    isolates…………………………………………………………………..246 

 Appendix A.2 Preparation of spent LS174T media for coating silicone sampling sections  

                                    and use as a growth medium supplement………………………………248 

  A.2.2 Propagation of LS174T tissue culture cells……………………………..248 

  A.2.3 Changing LS174T cell media (approximately every 3-4 days)…………248 

  A.2.4 Splitting LS174T cells once they reach confluence (at approximately one  

                              week of growth)…………………………………………………………….249 

  A.2.5 Preparation of heat inactivated FBS…………………………………….251 

 Appendix A.3 Protocol for running 16S-DGGE gels………………………………….252 

  A.3.1 Running a 2% agarose gel to confirm the success of PCR reactions…..252 

  A.3.2 Preparing PCR products for 16S-DGGE………………………………...252 

  A.3.3 Pouring DGGE gels (Bio-Rad Laboratories; Hercules, California)…….254 

  A.3.4 Running 16S-DGGE gels………………………………………………..255 

 Appendix A.4 Protocol for running SDS-PAGE gels…………………………………257 

  A.4.1 Preparing samples for SDS-PAGE………………………………………257 

  A.4.2 Preparing and pouring gels for SDS-PAGE……………………………..257 

  A.4.3 Running SDS-PAGE gels………………………………………………..257 

  A.4.4 Staining and SDS-PAGE gels……………………………………………258 

 Appendix A.5: Protocol for using periodic acid-Schiff’s stain…………………………261 

  A.5.1 Making the Schiff’s reagent……………………………………………...261 

  A.5.2 Making the 1% periodic acid…………………………………………….261 

  A.5.3 Staining silicone tubing conditioned with spent LS174T medium………261 



xi 
 

   

Appendix B. CHAPTER 3…………………………………………………………………….262 

Appendix C. CHAPTER 4……………………………………………………………………270 

Appendix D. CHAPTER 5……………………………………………………………………283 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 
 

List of Figures 

Figure 1.1………………………………………………………………………………………….4 

Figure 1.2………………………………………………………………………………………….6 

Figure 1.3………………………………………………………………………………………….8 

Figure 1.4………………………………………………………………………………………...13 

Figure 1.5………………………………………………………………………………………...16 

Figure 2.1………………………………………………………………………………………...31 

Figure 2.2………………………………………………………………………………………...41 

Figure 2.3………………………………………………………………………………………...44 

Figure 2.4………………………………………………………………………………………...44 

Figure 3.1………………………………………………………………………………………...69 

Figure 3.2………………………………………………………………………………………...71 

Figure 3.3………………………………………………………………………………………...75 

Figure 3.4………………………………………………………………………………………...77 

Figure 3.5………………………………………………………………………………………...78 

Figure 3.6………………………………………………………………………………………...79 

Figure 3.7………………………………………………………………………………………...81 

Figure 3.8………………………………………………………………………………………...89 

Figure 3.9………………………………………………………………………………………...90 

Figure 3.10……………………………………………………………………………………….91 

Figure 3.11……………………………………………………………………………………….99 

Figure 4.1……………………………………………………………………………………….114 

Figure 4.2……………………………………………………………………………………….116 



xiii 
 

Figure 4.3……………………………………………………………………………………….118 

Figure 4.4……………………………………………………………………………………….119 

Figure 4.5……………………………………………………………………………………….120 

Figure 4.6……………………………………………………………………………………….131 

Figure 4.7……………………………………………………………………………………….132 

Figure 4.8……………………………………………………………………………………….133 

Figure 4.9……………………………………………………………………………………….134 

Figure 5.1……………………………………………………………………………………….157 

Figure 5.2……………………………………………………………………………………….159 

Figure 5.3……………………………………………………………………………………….160 

Figure 5.4……………………………………………………………………………………….161 

Figure 5.5……………………………………………………………………………………….162 

Figure 5.6……………………………………………………………………………………….166 

Figure 5.7……………………………………………………………………………………….167 

Figure 5.8……………………………………………………………………………………….170 

Figure 5.9……………………………………………………………………………………….171 

Figure 5.10……………………………………………………………………………………...173 

Figure 5.11……………………………………………………………………………………...174 

Figure 5.12……………………………………………………………………………………...178 

Figure 5.13……………………………………………………………………………………...179 

Figure 5.14……………………………………………………………………………………...184 

Figure 5.15……………………………………………………………………………………...186 

Figure A.1………………………………………………………………………………………247 



xiv 
 

Figure A.2………………………………………………………………………………………253 

Figure C.1………………………………………………………………………………………281 

Figure D.1………………………………………………………………………………………286 

Figure D.2………………………………………………………………………………………287 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xv 
 

List of Tables 

Table 1.1…………………………………………………………………………………………20 

Table 2.1…………………………………………………………………………………………32 

Table 2.2…………………………………………………………………………………………35 

Table 2.3…………………………………………………………………………………………37 

Table 2.4…………………………………………………………………………………………46 

Table 2.5…………………………………………………………………………………………55 

Table 2.6…………………………………………………………………………………………56 

Table 2.7…………………………………………………………………………………………58 

Table 2.8…………………………………………………………………………………………62 

Table 3.1…………………………………………………………………………………………72 

Table 3.2…………………………………………………………………………………………83 

Table 3.3…………………………………………………………………………………………85 

Table 3.4…………………………………………………………………………………………87 

Table 3.5…………………………………………………………………………………………93 

Table 3.6…………………………………………………………………………………………96 

Table 3.7………………………………………………………………………………………..100 

Table 4.1………………………………………………………………………………………..122 

Table 4.2………………………………………………………………………………………..124 

Table 4.3………………………………………………………………………………………..126 

Table 4.4………………………………………………………………………………………..128 

Table 4.5………………………………………………………………………………………..136 

Table 4.6………………………………………………………………………………………..138 



xvi 
 

Table 4.7………………………………………………………………………………………..141 

Table 5.1………………………………………………………………………………………..164 

Table 5.2………………………………………………………………………………………..164 

Table 5.3………………………………………………………………………………………..164 

Table 5.4………………………………………………………………………………………..165 

Table 5.5………………………………………………………………………………………..165 

Table 5.6………………………………………………………………………………………..165 

Table 5.7………………………………………………………………………………………..172 

Table 5.8………………………………………………………………………………………..175 

Table 5.9………………………………………………………………………………………..177 

Table 5.10………………………………………………………………………………………180 

Table 5.11………………………………………………………………………………………182 

Table 5.12………………………………………………………………………………………183 

Table A.1………………………………………………………………………………………..241 

Table A.2………………………………………………………………………………………..242 

Table A.3………………………………………………………………………………………..244 

Table A.4………………………………………………………………………………………..245 

Table A.5………………………………………………………………………………………..250 

Table A.6………………………………………………………………………………………..250 

Table A.7………………………………………………………………………………………..256 

Table A.8………………………………………………………………………………………..256 

Table A.9………………………………………………………………………………………..256 

Table A.10………………………………………………………………………………………259 



xvii 
 

Table A.11………………………………………………………………………………………259 

Table A.12………………………………………………………………………………………259 

Table A.13………………………………………………………………………………………259 

Table A.14………………………………………………………………………………………259 

Table A.15………………………………………………………………………………………260 

Table B.1………………………………………………………………………………………..263 

Table B.2………………………………………………………………………………………..265 

Table B.3………………………………………………………………………………………..267 

Table B.4………………………………………………………………………………………..269 

Table C.1………………………………………………………………………………………..271 

Table C.2………………………………………………………………………………………..273 

Table C.3………………………………………………………………………………………..275 

Table C.4………………………………………………………………………………………..277 

Table C.5………………………………………………………………………………………..279 

Table C.6………………………………………………………………………………………..280 

Table C.7………………………………………………………………………………………..282 

Table D.1………………………………………………………………………………………..284 

Table D.2………………………………………………………………………………………..284 

Table D.3………………………………………………………………………………………..284 

Table D.4………………………………………………………………………………………..285 

 

 

 

 

 



xviii 
 

Glossary of Abbreviations 

16S-DGGE, 16S Denaturing Gradient Gel Electrophoresis 

1D-
1
H NMR, Proton Nuclear Magnetic Resonance  

APS, Ammonium Persulfate 

BetL, Listerial Betaine Uptake System  

CmbA, Cell and Mucus Binding Protein A 

ddH2O, Double Distilled Water  

DEC, Defined Experimental Community 

DMEM, Dulbecco’s Modified Eagle Medium 

DMSO, Dimethyl Sulfoxide 

DSS, 4,4-dimethyl-4-silapentane-1-sulfonic acid 

EAggEC, Enteroaggregative Escherichia coli 

EDTA, Ethylenediaminetetraacetic Acid 

EGF, Epidermal Growth Factor 

EH’, Shannon Equitability Index 

EHEC, Enterohaemorrhagic Escherichia coli 

EIEC, Enteroinvasive Escherichia coli 

EPEC, Enteropathogenic Escherichia coli 

ETEC, Enterotoxigenic Escherichia coli  

FAA, Fastidious Anaerobe Agar 

FBS, Fetal Bovine Serum 

FISH, Fluorescent In Situ Hybridization 

FOS, Fructo-oligosaccharides 



xix 
 

GC-MS, Gas Chromatography-Mass Spectrometry 

GI, Gastrointestinal 

GOS, Galacto-oligosaccharides 

H’, Shannon Diversity Index 

HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HMI, Host-Microbiota Interaction 

HMP, Human Microbiome Project 

IBD, Inflammatory Bowel Disease 

IBS, Irritable Bowel Syndrome 

IgE, Immunoglobulin E 

LPS, lipopolysaccharides 

MET, Microbial Ecosystem Therapeutic 

MUC2, Mucin 2 

OTU, Operational Taxonomic Unit  

PBS, Phosphate Buffered Saline 

PCA, Principal Component Analysis 

S, Species Richness 

SDS, Sodium Dodecyl Sulfate 

SDS-PAGE, Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

sFAA, Fastidious anaerobe agar supplemented with 5% defibrinated sheep’s blood 

SI, Similarity Index 

sIgA, Secretory Immunoglobulin A 

sp., Species 



xx 
 

spp., Species (plural) 

TAE, Tris/acetic acid/EDTA 

TE, Tris/EDTA 

TEMED, Tetramethylethylenediamine 

TSA, Tryptic Soy Agar 

TSB, Tryptic Soy Broth 

UPGMA, Unweighted pair group with mathematical averages 

UV, Ultraviolet 

%SI, Correlation Coefficient 

 



1 
 

Chapter 1: 

Introduction 

1.1 The human gastrointestinal microbiota 

The gastrointestinal (GI) tract, particularly the colon, is a dynamic environment that 

provides the framework for an anaerobic microbial ecosystem vital to human health.  The gut 

microbiota begins to develop at a young age, seeded from a variety of sources including the 

maternal skin, vagina and milk (1).  By approximately five years of age the gut microbiota 

matures into a community composed of up to 10
14

 microbes, and their collective genes 

outnumbers those of the human genome by at least 100-fold (2-5).  It is thought that humans 

harbour anywhere between 500 and 1000 different bacterial species in their intestinal microbiota, 

typically represented by such genera as Bacteroides, Clostridium, Lactobacillus, Fusobacterium, 

Bifidobacterium, Eubacterium, Roseburia, Escherichia, Acidaminococcus, Veillonella, 

Faecalibacterium and Akkermansia (2, 6, 7).  However, the absolute number of bacterial species 

present in the human gut is challenged by recent findings which show that modern sequencing 

and bioinformatics techniques may be over estimating the amount of rare taxa present in fecal 

samples (8).  These findings demonstrate the limitations of modern techniques used to 

investigate the gut microbiota and should be considered when interpreting past and future 

microbiome studies (8). 

It is understood that there are variations in the species and genus-level components of the 

gut microbiota between individuals, however analysis at higher taxonomic levels reveals that the 
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gut microbiota between individuals is quite similar (7, 9).  This understanding has led to the 

theory that all healthy humans harbour a core gut microbiota that consists of a community of 

microbes whose collective metabolic capacity, as opposed to specific taxonomic composition 

and abundance, is responsible for maintaining health (7, 9-11).  Many factors contribute to the 

diversity of an individual’s gut microbiota, including diet which is considered to be the major 

driver of change in microbiota diversity and community structure (12, 13).  However 

environment, host genetics, drugs, aging, physiology of the digestive tract and disease can 

significantly alter the structure and composition of the microbiota (14-16).  Nonetheless, it has 

been demonstrated that over time people exhibit stable microbial community profiles in a state of 

health.  Test subjects who were longitudinally sampled over a period of six months demonstrated 

consistent, host-specific consortium profiles when examined using temperature gradient gel 

electrophoresis (17).  Since then, several high-throughput sequencing-based studies examining 

the temporal stability of the microbiota have been conducted, revealing stable community 

profiles for upwards of ten years (8, 18, 19).  The findings of these studies lend weight to the 

notion that, once established, an individual’s gut microbiota remains fairly stable throughout life 

(20). 

The gut microbiota has been referred to as the “forgotten organ” because of its metabolic 

capacity and the fairly recent acknowledgement of its importance to human health (21, 22).  The 

metabolic activity of the microbiota is primarily due to its ability to digest otherwise indigestible 

foodstuffs such as plant polysaccharides, dietary fibres and resistant starches as well as its role in 

supplying vital micronutrients and vitamins including iron, zinc, water-soluble B vitamins and 

vitamin K (23-25).  Indeed, comparative metagenomics and pyrosequencing studies have 

indicated that the relative abundance of members of the microbiota shifts in order to 
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accommodate alternate nutrient acquisition strategies related to dietary intake, which can in turn 

induce long-term changes in community structure (26, 27).  The gut microbiota also plays a role 

in the inhibition of colonization and invasion of intestinal pathogens through the process of 

competitive exclusion or colonization resistance.  Mechanisms of colonization resistance 

exhibited by the resident microbiota include the consumption of nutrient resources, creation of 

unfavourable micro-niches by secretion of antimicrobial effector molecules (e.g. bacteriocins), 

preferable occupation of attachment sites that might otherwise be available to pathogens and 

stimulation of the immune system (both innate and acquired) (28-30) (Figure 1.1).  Moreover, 

the presence of the microbiota is known to stimulate intestinal Paneth cells to secrete a variety of 

antimicrobial peptides including defensins, cathelicidins and C-type lectins (31, 32).  As well as 

having activity against pathogens, these antimicrobial peptides also help to control the growth of 

the commensal microbiota, thereby helping to maintain gut homeostasis (11).  The gut 

microbiota also plays an important role in educating both the innate and acquired immune 

systems; when the balance between host and microbiota is upset, this is thought to contribute to 

the progression of auto-immune diseases such as type I diabetes and allergies (33-36).  For 

example, environmentally induced alterations to the gut microbiota, such as overuse of 

antibacterial products, can interfere with the regulatory signals released by protective bacterial 

species that, in turn, result in allergic responses to food (35).  In addition, the gut microbiota can 

signal the host immune system, causing the release of cytokines and host effector molecules (e.g. 

defensins), resulting in a positive feedback system that shapes the microbial ecology of the gut 

and can even prime how the host will respond to environmental stimuli (37).   

Members of the gut microbiota can be categorized into three broad categories: mutualists 

(microbes known to confer health benefits to the host), commensals (which are ‘neutral’ and  
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Figure 1.1 Major mechanisms utilized by the commensal gut microbiota to confer protection 

against enteric pathogens. a) Direct inhibition of the pathogen by antimicrobial effector 

molecules (e.g. bacteriocins). b) Efficient competition for nutrients and attachment sites. c) 

Stimulation of the host’s immune system.  The microbiota releases microbial patterns (e.g. LPS, 

peptidoglycan) which are sensed by the host’s epithelial cells (1), thus triggering the immune 

system (2) to release antibacterial defenses such as defensins, mucin and sIgA (3). Image adapted 

from (29). 
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supply no known benefit or detriment to the host) and pathobionts (opportunistic pathogens that 

are permanent members of the microbiota and that have the potential to cause disease under 

particular circumstances) (5, 38).  Host and gut microbiota have co-evolved to exact a balance 

that minimizes potential damage to the host from pathobiont behaviour.  On the host side, 

polymeric glycoproteins called mucins contribute to the production of a viscous extracellular 

layer that coats and protects intestinal epithelial cells against the gut microbiota (39).  These 

mucins are produced and secreted by goblet cells, which are specialized cells that line the length 

of the intestine. Intestinal mucus is largely composed of MUC2 mucin in the colon and is 

composed of an inner and outer layer.  The inner layer is densely packed and permanently 

associated with the epithelium, serving as a key barrier to the microbiota (39).  This firmly 

adherent inner layer has a thickness of several hundred micrometers with a turnover time of 

approximately one hour (39, 40).  There is a sharp distinction between the inner layer as it 

transitions towards the outer layer, which is looser than the inner layer and is thus subject to 

movement and sloughing off through the actions of peristalsis (39).  The outer layer serves as the 

primary site for bacterial colonization in the gut (39) (Figure 1.2).  Although the inner and outer 

layers of colonic mucus are composed of the same MUC2 mucins, proteolytic cleavage by host 

enzymes allows the mucin structure to expand three to four times in volume without disrupting 

the polymeric network, accounting for the loosely adherent phenotype of the outer layer (39).  

MUC2 mucin provides numerous attachment sites for members of the microbiota and can even 

serve as a source of energy for certain species, including Akkermansia muciniphila, Bacteroides 

thetaiotaomicron, and certain strains of Ruminococcus gnavus and Lactobacillus fermentum (41-

44).  Commensal microbes are also known to modulate mucin gene expression in goblet cells, 

ultimately affecting the adhesion, colonization and invasion of not only the commensal  
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Figure 1.2 Schematic and immunostained confocal microscopy images of the distal colonic 

epithelium-lumen interface. Goblet cells secrete mucus that arranges in a firmly adherent 

stratified layer in direct contact with the epithelium that sharply transitions into a loosely 

adherent mucus layer (a).  Using anti-MUC2C3 antiserum (green) and FISH analysis with the 

general bacterial probe EUB338-Alexa Fluor 555 (red), researchers were able to visualize that 

the firmly adherent stratified layer (S) is devoid of bacteria (b & c) whereas the loosely adherent 

outer mucus layer serves as a habitat for the microbiota (b & d).  Scale bar: 20 µm.  Images 

adapted from (39, 45). 
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community, but also of potential pathogens (46).  The importance of the mucus layer in the 

maintenance of microbiota homeostasis is best illustrated by certain chronic enteric disease 

states, including the inflammatory bowel diseases (IBD), ulcerative colitis and Crohn’s disease.  

IBD is marked by chronic inflammation of the intestinal epithelium, where members of the 

commensal microbiota are able to penetrate the tightly adhered protective mucosal barrier and 

invade intestinal epithelial cells (10, 47).  IBD is also associated with gut microbial dysbiosis, 

along with a disturbed mucosal and epithelial barrier and an increase in gut permeability (48-52).  

However it is still unclear whether these alterations represent the cause or consequence of 

chronic inflammation (53).  Thus, host-microbiota interaction plays an important role in the 

homeostasis of the colonic mucosa which, in turn, impacts GI health (54).      

   

1.2 Biofilms of the human gut: 

 In any ecosystem, the functionality of its resident microbiota lies in the ability of the 

microbiota to attach, persist and multiply.  To achieve this, the microbiota usually exists in a 

state known as a biofilm, a dense mat of microbes that forms a cohesive and persistent structure 

within an environment.  In the dynamic environment of the GI tract, biofilm formation is of vital 

importance.  The development of a biofilm depends on environmental factors such as 

temperature, pH, osmolarity and nutrient availability as well as microbial factors such as 

bacterial attachment via pili, fimbriae and flagellar structures (55).  Multispecies biofilms 

possess hierarchical structure, where primary colonizer species adhere to surface substrata, 

followed by secondary colonizers that associate with the primary species (Figure 1.3).  The 

microbial members of the biofilm secrete exopolymeric proteins that result in a cohesive and  
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Figure 1.3 Multispecies biofilms are structured in a predictable hierarchy, where surface 

substrata (a) serve as binding sites for primary colonizer species (b), followed by secondary 

colonizers that associate with the primary species (c).  The microbial members of the biofilm 

secrete exopolymeric proteins that cause the biofilm to develop into a cohesive and protective 

community, called a microcolony (d).  If conditions remain favourable, the microcolony will 

continue to grow into a mature biofilm where microbes are continuously added or sloughed off 

over time (e).  Image adapted from (49). 
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protective community, called a microcolony.  Microbes are continuously added or sloughed off 

over time as the biofilm matures and if conditions become unfavourable, the biofilm community 

will disassociate into the planktonic phase, allowing dispersal to a more optimal environment.  

Biofilms are resistant to both physical and chemical stresses because they possess a complex and 

layered structure, tolerating antibiotic doses up to one thousand times higher than the individual 

species members in planktonic form (56).  Because of this persistence, the ability of 

microorganisms to form biofilms is often considered to be a virulence-associated trait, however, 

experimental evidence that demonstrated the ability of a non-pathogenic Escherichia coli strain 

(Nissle 1917) to grow more substantial biofilms than five separate pathogenic strains of the same 

species challenges this idea (57).  In fact, many probiotic microbes (live microorganisms which 

when administered in adequate amounts confer a health benefit on the host) readily form 

biofilms under both in vitro and in vivo conditions (58-63). 

In the human body, the majority of biofilm research has been associated with the oral 

cavity, where the hierarchy of oral biofilm formation is well documented (64).  On the tooth 

surface exists an acquired pellicle consisting of compounds such as albumin, glycoproteins and 

sialic acids, among others, that provide receptors for initial microbial colonization (65).  These 

initial colonizers are almost entirely composed of oral streptococci and include such species as 

Streptococcus sanguinis, S. gordonii, S. oralis and S. mitis (65).  Secondary and late colonizers 

of oral biofilm communities adhere to cell surface receptors on the primary colonizers and 

consist of such species as Actinomyces naeslundii, Porphyromonas gingivalis, Fusobacterium 

nucleatum and Aggregatibacter actinomycetemcomitans (65).  Knowledge pertaining to 

composition and hierarchy, as well as inter-species interactions in oral biofilm communities has, 

in turn, provided alternatives to the use of broad-spectrum antibiotics to treat oral infections (66).  
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These treatment strategies aim to preserve the homeostasis of the oral microbiota and include 

microbial replacement therapy, specifically targeted antimicrobial peptides and the inhibition of 

cell-cell signalling, among others (66). 

In this thesis the term “gut biofilm” will be used to refer to the early microbial 

associations indicative of microcolonies.  Distal gut biofilms were recognised as early as the 

1960’s, when Savage et al. identified microcolonies consisting of Gram-negative rods and Gram-

positive cocci associated with the colonic mucosa of mice (67).  Since then there has been some 

debate over the existence of commensal multi-species biofilms in the distal gut: research refuting 

the existence of specific mucus-adherent biofilm communities emerged as recently as ten years 

ago (68).  However, there is now overwhelming evidence from several different research groups 

demonstrating the stark difference in the composition and activity of the microbiota in direct 

association with the mucosa (i.e. biofilm communities) and that found in the lumen of the colon 

(69-75).  Techniques such as fluorescent in situ hybridization (FISH) coupled with confocal laser 

scanning microscopy have also clearly demonstrated the presence of discrete microcolonies in 

direct association with the mucosa derived from human colonic biopsy samples (71, 76-78).  In 

addition to forming on the mucosa, colonic biofilms also use food residues as scaffolds; indeed, 

biofilms associated with complex, insoluble carbohydrate substrates were found to be more 

efficient at digesting these polysaccharides than non-adherent colonic bacteria (79).  Within 

biofilms, acetate was found to be the principle fermentation product, whereas higher levels of 

butyrate were produced by planktonic communities, demonstrating that the two populations were 

metabolically distinct (79).  More recent studies have explored the differences in mucosal and 

luminal communities associated with GI disorders, such as IBD and irritable bowel syndrome 

(IBS) (72, 74).  In the case of the former, researchers identified that the mucosal communities of 
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IBD patients had altered microbial function and composition compared to healthy controls, with 

major shifts in oxidative stress pathways, decreased carbohydrate metabolism and amino acid 

biosynthesis (74).  Clostridium difficile, a prominent anaerobic pathogen responsible for 

nosocomial infections with rates that have increased substantially in recent years, is also thought 

to integrate into colonic biofilms for protection from therapeutic intervention, leading to 

recurrent infection (80).  Commensal colonic biofilms thus clearly play an important role in 

health and disease, and this has made them a key focus of current research efforts.  

 The attachment of gut biofilms to the intestinal mucosa is facilitated by host-derived 

compounds.  As discussed earlier, the microbiota is able to use MUC2 mucin as a substrate for 

attachment and as a nutrient source (42).  It is thought that mucin serves as a carbohydrate source 

for saccharolytic bacteria and that such microbes possess an array of hydrolytic enzymes (e.g. 

glycosidases, proteases and peptidases) that facilitate the complete degradation of mucus (81).  

Breakdown of mucin by many bacterial species results in the production of compounds such as 

short-chain fatty acids (including acetate, propionate and butyrate) which in turn serve as energy 

sources for the host epithelium (82).   As well as mucin, bacteria are known to use other host 

molecules as supports for attachment.  For example, secretory immunoglobulin A (sIgA) 

(produced by plasma cells of the gut) is the primary antibody in mucosal secretions and is 

thought to be specifically used for attachment by certain commensal bacteria (83).  However, 

there is some debate in the scientific community about the role of sIgA in gut biofilm formation.  

The secretion of sIgA into the gut is posited to be part of the normal immune surveillance system 

that agglutinates microbes and promotes their excretion; these microbes will include members of 

the normal microbiota (84).  On the other hand, sIgA was found to facilitate the biofilm 

formation of several members of the microbiota in vitro and was thus thought to play a vital role 
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in the promotion of biofilm development in the gut (6, 78, 85-87).  Research using 

immunofluorescent microscopy techniques on human colonic tissue samples identified mucosal 

biofilm communities directly associating with sIgA and was among the first visual 

demonstrations of this interaction (77).  Moreover, experiments carried out in mice demonstrated 

a dramatic difference between the gut mucosal community composition of control and sIgA-

deficient animals, where the expansion of segmented filamentous bacteria in sIgA-deficient mice 

lead to both localized and systemic immune responses (88).  Therefore, the weight of evidence 

suggests that sIgA works to modulate the gut microbiota, such that their associated gut biofilms 

remain in a state of homeostasis; this in turn serves as a good example of the co-evolution 

between humans and their resident gut microbiota species (83) (Figure 1.4).  In summary, the 

formation of endogenous gut biofilms is important to a range of processes central to the stability 

of the microbial ecosystem of the human GI tract.  

 

1.3 Probiotics, prebiotics and the treatment of disease: 

Over the past 20 years there has been an increasing demand from consumers for products 

that promote GI health and, as such, “functional foods” have become a new buzzword in the food 

industry.  Functional foods encompass foods with benefits beyond basic nutrition, and they 

include probiotics and prebiotics (25, 89, 90).  There are a number of poorly understood natural 

mechanisms that promote the maintenance of the commensal microbiota, even though the 

colonic mucosa is rapidly turned over (2, 39, 40).  Microbial species allochthonous to the GI 

tract (such as microbes ingested with food), are rapidly excreted in a state of health (91).  

Probiotics, as ingested microbes, are also allochthonous and some have only limited interactions  
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Figure 1.4 Members of the gut microbiota utilize host macromolecules such as mucin and sIgA 

as attachment sites to enable colonic biofilm formation.  Colonic biofilms are thought to be in a 

constant state of shedding and regeneration in a manner similar to that of the epithelial and 

mucosal lining of the gut.  Image adapted from (78). 
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with the microbiota prior to being expelled (86, 91-93).  An effective probiotic must fulfil 

several criteria to be considered as such: it must be non-pathogenic and nontoxic, must remain 

viable during storage and use, must provide a benefit to the host and must be capable of 

surviving and metabolizing in the gut (24).  Thus, an ingested probiotic needs to survive 

conditions of low pH, high concentrations of bile salts and elevated osmolarity, conditions that 

are encountered during transit through the GI tract (94).  Therefore probiotic concentration as 

well as the frequency and manner of delivery are important factors in their successful use (95-

97). 

Prebiotics represent a further type of functional food, defined as fermentable food 

ingredients that improve the health and well-being of the host by altering the activity and/or 

composition of the commensal GI microbiota (98).  The required criteria for prebiotic 

classification include: a) the ability to tolerate mammalian enzymes and stomach acidity; b) 

vulnerability to fermentation by commensal gut microbes; and c) the ability to promote the 

activity and/or growth of beneficial members of the normal gut microbiota (25).  Currently only 

a few compounds fulfill these criteria; galacto-oligosaccharides (GOS), fructo-oligosaccharides 

(FOS), inulin derivatives and lactulose (99, 100).  The daily dose of a prebiotic is not directly 

correlated with its effect on the endogenous microbiota (98).  Hence in 2007 Roberfroid 

proposed the use of a model “prebiotic index”, whereby the increase in the absolute number of 

beneficial commensal organisms expressed in the feces is divided by the daily dose of the 

prebiotic ingested.  However this system of standardization has only been used by researchers 

and has yet to be implemented by the functional food industry (101-103).   

The potential beneficial effects of probiotic bacteria have been well documented in the 

scientific literature however, although this body of work is rapidly growing, the exact 
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mechanisms of probiotic activity remain only poorly understood.  The two most well-known 

genera of bacterial probiotics are Lactobacillus and Bifidobacterium, likely because members of 

these genera are naturally acid and bile resistant and exhibit antibacterial activity against 

pathogenic microbes that has been documented both in vitro and in vivo (104, 105).  Probiotics 

compete with other exogenous microbes for binding sites in the host extracellular matrix which 

can result in the competitive exclusion of, in some cases, pathogens (106).  For example, 

Hancock et al. investigated the biofilm forming capacity of the probiotic E. coli strain, Nissle 

1917, compared to three pathogenic E. coli strains; EHEC, ETEC and EPEC and determined that 

the Nissle 1917 strain outcompeted all three of the pathogenic strains, comprising up to 96% of 

final biofilm populations (57).   

Many probiotic bacterial strains produce lactic acid that decreases the pH in their 

immediate microenvironment, hence inhibiting the activity of pathogens susceptible to low pH 

(107).  Several probiotics are also capable of producing antimicrobial peptides such as 

bacteriocins that can function as colonizing, killing and signalling peptides (Figure 1.5) (108-

111).  For example, the culture supernatants from the probiotics Enterococcus faecium ATCC 

19434 and Lactobacillus casei subspecies casei ATCC 393 had strong bactericidal effects on the 

growth of the intestinal pathogen, enteroaggregative E. coli (EAggEC) strains TN-1, -2 and -3 

(109).  Researchers determined that these probiotic strains produced large amounts of 

bacteriocins capable of inducing membrane damage and cell lysis, especially in their immediate 

microenvironment (109).   

Some probiotics are capable of producing peptides that act on the host to modulate the 

immune response.  Bifidobacterium breve, B. dentium and B. longum subsp. infantis have been 

shown to secrete the protein serpin which can directly inhibit enzymes involved in inflammation  
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Figure 1.5 Bacteriocin production can contribute to probiotic functionality through several 

different mechanisms.  a) Bacteriocins may act as colonizing peptides that facilitate the 

competition between the probiotic and the resident microbiota. b) Pathogens may be directly 

eliminated by the bacteriocins.  c) Bacteriocins can serve as signalling peptides that act on the 

immune system.  Image adapted from (112). 

 

 

 

 

 

 

 



17 
 

in the gut (113).  Thus serpin produced by bifidobacteria might modulate inflammation in the GI 

tract; indeed a promising role in suppressing IgE production is hypothesized to be the mechanism 

that helps to explain the anti-inflammatory properties observed with consumption of some 

probiotic Bifidobacterium spp. (113-115).  Other probiotics are capable of enhancing the natural 

defenses of the host.  For example, Yan and colleagues were able to isolate p40, a protein 

produced by the probiotic Lactobacillus rhamnosus GG that transactivates the EGF receptor in 

intestinal epithelial cells, preventing apoptosis and therefore preserving the barrier function of 

the colon (116).  Recently, p40 was also shown to stimulate Muc2 gene expression and mucin 

production in both LS174T cells (a human colonic adenocarcinoma cell line) as well as in the 

colon of wild type mice (117).  Therefore the functionality of many probiotic microbes hinges 

upon their ability to secrete peptides that act upon pathogens, the commensal microbiota and the 

host.    

The ability to adhere to the GI tract is a key mechanism that potentially supports the 

efficacy and long-term functionality of probiotic activity.  For example, the adherence of 

probiotic lactobacilli in the gut has been attributed to microbial cell surface properties such as 

hydrophilicity, production of extracellular polysaccharides and, more directly, cell surface layer 

proteins and pilins (63, 118-121).  Kankainen et al. compared the genomes of probiotic strains, 

L. rhamnosus GG and L. rhamnosus LC705, the latter of which exhibited reduced binding to 

human mucus in vitro.  From their comparisons, this group determined that L. rhamnosus GG 

possessed a genomic island, spaCBA, which encodes three pilin subunits; SpaA, SpaB and SpaC 

(122).  It was later determined that SpaB and SpaC in particular play a key role in binding to 

human intestinal mucus and serve a functional role in biofilm formation in vitro (59, 123).  

Recently, a cell and mucus binding protein A (CmbA) was identified as playing a role in the 
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adhesion of the probiotic Lactobacillus reuteri ATCC PTA 6475 to intestinal epithelial cells and 

mucus in vitro (124).  These studies suggest that the ability to attach to human mucus presents an 

important mechanism by which to encourage long-term probiotic colonization.   

Researchers have genetically engineered probiotic microbes to improve their 

survivability as they transit through the GI tract.  In a study by Sheehan et al. a cloned listerial 

betaine uptake system (BetL) was used to transform the probiotic strain Lactobacillus salivarius 

UCC118 in order to increase the tolerance of the probiotic to different environmental stresses.  

Strains that expressed betL demonstrated an improved tolerance to freezing temperatures, 

increased osmolarity and pressure, as well as spray- and freeze-drying in comparison to strains 

lacking the BetL construct (125).  Because of this success, researchers then used the same BetL 

construct to transform the probiotic strain Bifidobacterium breve UCC2003 and saw an increase 

in its ability to adhere to and survive in the porcine intestinal tract (94).  Furthermore, researchers 

reported that treatment mice fed the mutant strain demonstrated stable intestinal colonization of 

the probiotic and exhibited significantly lower levels of systemic infection versus control mice 

following oral challenge with the pathogen Listeria monocytogenes (94).  These results reveal 

how the improved survivability of probiotics relates to their ability to colonize and positively 

influence the gut microbiota.  Many strains of Bifidobacterium and Lactobacillus have 

demonstrated the ability to form biofilms under in vitro conditions, and this trait has long been 

considered desirable for probiotic microbes to colonize the gut (44, 59, 62, 126, 127).  However, 

biofilm formation by probiotic microbes in vivo, as well as the ability for probiotic isolates to 

incorporate into and persist within existing commensal biofilms, has been far less studied, and 

represents an important research gap (86, 91-93, 128). 
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Probiotic therapies offer promising alternatives to antibiotics and synthetic 

pharmaceuticals in the prevention/treatment of many prominent acute and chronic diseases 

associated with the GI tract, skin, liver, kidneys, metabolism and cardiovascular system (Table 

1.1).  Those chronic diseases associated with the GI tract in particular are of great interest since 

their prevalence is on an alarming rise (129).  However, many probiotic therapies for the 

treatment of chronic GI diseases are empiric and poorly defined, generally providing only short-

term relief of symptoms with sustained dosing of particular strains (130, 131).  In addition, the 

effectiveness of these therapies varies substantially between individuals, reinforcing the growing 

need for personalized medicine (132-134).  This variability is attributed to a combination of the 

individuality of the human gut microbiota in addition to genetic drift of many probiotic strains 

following culture outside of their original habitat (17, 135).    

Although there are many potential benefits to the use of probiotics that have undergone 

rigorous scientific testing in blinded and controlled studies, it is still important to appreciate their 

limitations.  Currently, it remains unclear exactly who will benefit from the use of probiotics and 

who will not (135, 136).  Furthermore, the degree of government standardization for commercial 

probiotic manufacturing, administration, storage and safety is minimal and differs substantially 

from country to country (135).  In Canada there are privately funded initiatives to determine the 

safety and efficacy of probiotics on the market, however this agenda is still in its infancy at a 

public level (137).  Between 2005 and 2013 the European Food Safety Authority Panel on 

Dietetic Products, Nutrition and Allergies turned down most probiotic applications because their 

health claims were insufficiently substantiated by the scientific community (138).  Indeed, many 

of the probiotics selected for industrial production to date have been chosen not because of their 

ability to confer clear health benefits, but rather for the technological advantage of ease of  
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Table 1.1 Probiotics have been implicated in the prevention and/or treatment of symptoms 

associated with several diseases in both in vitro and in vivo studies. 

Disease References 

 

IBD (Crohn’s disease and ulcerative colitis) 

 

(130-132, 139, 140) 

 

IBS 

 

(133, 141, 142) 

 

Cardiovascular disease 

 

(143, 144) 

 

Immune modulation 

 

(110, 128, 145-147) 

 

Maintenance of gut mucosal barrier 

 

(96, 117, 148, 149) 

 

Dermatitis/Eczema 

 

(150-152) 

 

Obesity 

 

(153-155) 

 

Non-alcoholic fatty liver disease 

 

(156, 157) 

 

Chronic kidney failure 

 

(158, 159) 

 

Type II diabetes 

 

(160-163) 

 

Allergies 

 

(114, 115, 164) 

 

C. difficile infection 

 

(165-167) 

 

Pathogenic E. coli (EHEC, EPEC, ETEC, 

EIEC, EAggEC) 

 

(57, 109, 149) 
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Disease References 

 

Bacterial vaginosis 

 

(104, 168) 

 

Human Immunodeficiency Virus (HIV) 

 

(136, 169) 
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production (138).  In general, the average probiotics consumer is not aware of the variability of 

probiotic efficacy or of the lack of standardization amongst most over-the-counter probiotics. 

The development of effective and standardized probiotic therapies to treat GI diseases has 

become of interest in current clinical and research efforts.  The use of multi-species probiotics, 

isolated from the environment for which they are intended to be used, offers a unique approach 

to the treatment of GI disorders.  For example, one disease for which probiotic treatment is 

potentially very effective is C. difficile infection.  The disease is usually preceded by an 

antibiotic-induced decrease in microbiota diversity and richness, therefore leading to an 

overgrowth of C. difficile which produces toxins that cause extensive damage to the gut 

epithelium (170-173).  Patients suffering from C. difficile infections are traditionally treated with 

courses of metronidazole or vancomycin antibiotics (173).  However, recurrent infections, where 

C. difficile spores survive the course of antibiotic therapy and proliferate once treatment has 

ceased, are increasingly common (172, 173).  The development and successful use of Microbial 

Ecosystem Therapeutics (MET) for the treatment and cure of recurrent C. difficile infections has 

been demonstrated both in mouse models as well as in human patients (167, 174).  Although 

antibiotic therapies still serve as front-line treatments, the threat of antimicrobial resistance 

continues to erode the utility of antibiotic therapy for this disease.  Additionally, with the rise in 

recurrent infections that can no longer be treated with antibiotics, multispecies probiotic 

therapies that aim to re-establish the microbial ecology of the gut offer an effective alternative 

(175). 
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1.4 Modeling the gut microbiota luminal and mucosal communities: 

The physiology and the anatomy of the human GI tract make it a challenging 

environment for microbial survival and colonization.  The gut is a largely anaerobic environment 

where the concentration of microbes increases by 12 orders of magnitude from the stomach to 

the colon (11).  The gut mucosal surface is dynamic; in the small intestine 20-50 million 

epithelial cells are shed per minute, however in the colon this number decreases to 2-5 million 

epithelial cells shed per minute (2).  Additionally, the concentration of bile, and the peristaltic 

rate both decrease from the small intestine to the colon (15).  These factors help to explain why 

more complex and abundant microbial communities develop in the colon compared to anywhere 

else in the alimentary tract (15).  Rodent, rabbit, zebrafish and pig in vivo models, among others, 

have been used successfully to model the human gut and have revealed information about the 

functionality, structure and dynamics of the gut microbiota in health and disease (155, 156, 174, 

176-180).  Although in vivo models confer biological significance, they are traditionally 

expensive (e.g. the cost of housing animals in gnotobiotic facilities is generally very high), they 

are subject to rigorous ethical constraints and specific host/environmental parameters are 

challenging to control.  In vitro models of the human gut offer a logical alternative and strides 

have been made in recent years to improve upon their efficacy, reproducibility and biological 

significance.  Continuous culture fermentation models (chemostats) simulate the in vivo gut 

environment by creating a stable pH and temperature, and by continually replenishing nutrients 

(growth medium) and removing spent culture medium, thus preventing the build-up of toxic by-

products (181, 182).  Microbial communities sourced from the human gut can be cultured under 

continuous culture conditions in a stable way for several weeks at a time, allowing an adequate 

experimental window (183), and in turn allowing longitudinal studies of gut microbial 
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community dynamics to be carried out with relative ease (182, 183).  Chemostat designs range in 

complexity; single-stage chemostats model one segment of the gut, whereas multi-stage 

chemostats consist of vessels connected in series to reflect multiple segments of the gut (e.g. 

ascending, transverse and distal colon) (182, 184).  Continuous culture models are traditionally 

seeded with either defined, axenically-grown microbial communities, or with feces, usually from 

healthy or diseased human volunteers; the need for fresh fecal material represents one of the few 

potential experimental limitations of the model (181).   

It was once thought that up to 80% of the microbes in the human gut have not yet been 

cultured using in vitro methods (185-187).  The majority of these as-yet uncultured members of 

the gut microbiota are known only by genetic signatures obtained during community 16S rRNA 

gene sequencing (186).  The development of targeted culturing approaches (the specific trait or 

ability of a bacterial species is used in its selective culture) and shotgun culturing approaches 

(e.g. several different types of media and culture conditions are used to isolate as many bacteria 

as possible from a complex community) have proven effective to isolate novel gut bacteria in 

pure culture (186).  Innovative culturing approaches will only increase the biological 

significance of continuous culture models and their ability to represent complex microbial 

community structure and diversity (185-187).  Additionally, methods that can culture 

representative gut microbial communities under in vitro conditions will facilitate the research of 

individual components of the gut microbiota within, and external to, the ecological context of the 

gut ecosystem (186).  Recently, we have shown that continuous culture chemostat models of the 

distal colon were highly reproducible, stable and representative of the diversity of the human 

fecal community from which they were derived, addressing long-standing criticisms of the 

model (183).  Indeed, in light of emerging culture-based methods that explore the gut microbiota, 
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it is likely that the estimated as-yet uncultured 80% of the microbes in the human gut is a gross 

overestimate (186).  

  Studies that focus on modeling biofilms associated with the human gut microbiota have 

been limited in the past, likely due to the technical difficulties encountered when investigating 

anaerobic communities of such complexity.  To date, the majority of knowledge on commensal 

biofilm communities associated with the colonic mucosa is based on in vivo studies involving 

human colonic biopsies, with much of this work examining mucosal biofilms from the 

perspective of disease (69-72, 75-77, 188).  In addition, studies that utilize in vitro colonic 

biofilm models have advanced significantly over the past ten years.  For this work, host-derived 

macromolecules, such as sIgA and especially mucin, have served as substrates for in vitro 

colonic biofilm formation.  In 2004, Probert et al. developed a single-stage chemostat system 

inoculated with human feces that could support the growth of both planktonic and biofilm 

communities.  In this study, gel beads were created out of partially purified porcine mucin and 

were then packed into dialysis tubing and suspended in the culture vessel for approximately six 

days prior to sampling (189).  Evaluation of the biofilm model revealed a distinct difference 

between the planktonic and biofilm communities, where the biofilm supported higher 

populations of clostridia and Escherichia coli while producing lower levels of short chain fatty 

acids (189).  Since this work was published, other groups have reported the use of similar 

platforms to facilitate human gut colonic biofilm formation in relation to the breakdown of 

mucin and insoluble substrates, usually in the context of certain acute and chronic GI diseases 

such as C. difficile infection and IBD (80, 81, 190-193).  However, work that focuses on the 

structure, function and composition of healthy commensal colonic biofilms remains 

underdeveloped (181, 194).  Van den Abbeele et al. made strides in the study of colonic biofilms 
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by employing artificial porcine mucin-coated microcosms that allow for the protected 

development of in vitro colonic biofilm communities.  When these microcosms were placed 

within a semi-continuous culture fermenter inoculated with human feces from a healthy donor, it 

became possible to demonstrate both the mucin-binding capacity of commensal lactobacilli as 

well as the ability of component species (of the Clostridium cluster XIVa group) to produce 

butyrate whilst associated with biofilm communities (195, 196).  Understanding the nature of the 

commensal colonic biofilm communities during health will, in turn, guide and enrich the 

investigation of acute and chronic diseases of the GI tract.  Development of advanced in vitro 

and in vivo colonic biofilm models will facilitate these research efforts by furthering our 

understanding of the ecology of the human gut microbiota.           

 

1.5 Research rationale:  

 Although probiotics have the potential to positively influence health, one of their major 

drawbacks is that they are currently unable to permanently colonize the GI tract and/or integrate 

into commensal biofilm communities, thus any effects imparted are transient and moderate (91, 

96, 97).  One prospective way to improve the resilience and endurance of probiotics in the 

human gut is to provide multiple beneficial microbes that form an ecosystem in the host.  In 

2013, a study published by Petrof et al. demonstrated that one dose of a defined community of 

33 bacterial strains derived from the feces of a healthy donor and delivered via enema was 

enough to cure two patients suffering from recurrent C. difficile infections.  Microbiota profiling 

work indicated that components of the delivered ecosystem persisted for at least six months 

following delivery, suggesting that beneficial microbes may be able to colonize the GI tract long 
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term (167).  Improvements upon such colonization presents an intriguing research goal, perhaps 

by capitalizing on the physical reduction of the existing gut microbiota diversity through 

antibiotic use and bowel prep protocols, allowing establishment of introduced strains which may 

have concurrent health benefits (170, 171, 197, 198).  Improving the uptake and long-term 

establishment of therapeutic ecosystems is likely to rely on the ability of introduced species to 

form biofilms in the gut environment.  This ability, in turn, will depend on the presence of 

‘pioneer colonizers’ in the introduced consortium, which are able to found communities on 

available substrates.  

Multispecies biofilms, even those that originate outside of the human body, are still 

poorly understood and it is thought that the creative application of high-throughput and high 

resolution methods is an avenue towards greatly improving our understanding (199).  Currently, 

our knowledge of which species comprise the primary colonizers of human gut biofilm 

communities is very limited, and research in this field stands in stark contrast to our knowledge 

of the composition and hierarchy of biofilms in other body sites, such as in the oral cavity.  

Existing in vitro models of colonic biofilms are not high-throughput nor easy to sample: these 

are important characteristics in the design of a model to capture the primary colonizer microbes.  

In addition, current in vitro models use porcine gastric mucin as a substrate for colonic biofilms 

because it is inexpensive and readily available (81, 190, 191, 193-196, 200).  However, 

differences between the structure of human and porcine Muc2 mucins suggest that there is a need 

for the development of colonic biofilm models that use more biologically relevant substrata 

(201).  Additionally, models that explore human colonic microbiota biofilm formation on 

alternative host-derived substrata, such as sIgA, remain underdeveloped.  Therefore, there is a 

pressing need to develop an in vitro model of human colonic biofilm communities that utilizes 
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biologically relevant substrata, is high-throughput, easy to sample and offers enough flexibility 

to explore many different gut communities. 

  

1.6 Research objectives: 

 The overall objective of my doctoral research project was to gain a better understanding 

of commensal colonic biofilm communities associated with health, and in particular to identify 

the primary colonizers of healthy colonic biofilms, and to explore how these may be modulated 

by probiotic microbial communities.  I hypothesize that distal gut biofilm formation will be 

initiated by primary colonizer communities.  The hypotheses and objectives related to the 

different aspects of my project are outlined at the beginning of each chapter.  In chapter 3 we 

developed a novel method to capture and characterize the primary colonizers of in vitro colonic 

biofilms and validated this model using three different types of inocula; a fecal community and 

two separate, defined microbial communities.  In chapter 4 we investigated the primary 

colonizers of in vitro colonic biofilms from three different fecal donors using the biofilm capture 

model developed in chapter 3.  In chapter 5 we characterized the community dynamics 

associated with MET (defined communities consisting of potentially beneficial microbes) and 

outlined the ecological forces that encouraged, in part, their long-term residence in the human 

gut.  For all investigations reported, a single stage chemostat model of the human distal colon 

was employed, and 16S denaturing gradient gel electrophoresis (DGGE) was subsequently used 

to facilitate microbial ecological analyses, and to screen collected samples for further analysis 

with the Illumina MiSeq sequencing platform.  In chapter 5, proton Nuclear Magnetic Resonance 
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(1D-
1
H NMR) analysis was conducted to complement sequencing analysis with metabolomics, a 

direct readout of ecosystem function. 
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Chapter 2 

Materials and Methods 

2.1 Preparation of single-stage chemostats 

An Infors Multifors bioreactor system (Infors, Switzerland; Figure 2.1) was converted 

from a batch fermentation system to a continuous culture chemostat as previously described 

(145, 183, 202).  Briefly, conversion of the system was accomplished by blocking the condenser 

column vent and bubbling nitrogen gas through the culture.  The accumulation of positive 

pressure in the vessel kept a constant culture volume and served to displace oxygen.  The culture 

vessels were maintained at 37°C and a pH of 6.9-7.0 via the automated addition of either acid 

(5% HCl, w/v) or base (5% NaOH, w/v) (183, 202).  Although base addition was added by the 

system throughout the course of the chemostat run, acid was only required immediately 

following inoculation.   

Prepared chemostat culture media (described below) was added to the culture vessel at a 

rate of 400 mL/day, to give a retention time of 24 hours (183, 203, 204).  Chemostat cultures 

were also subjected to gentle agitation in order to prevent the build-up of a nutrient gradient over 

time (183).  Prior to inoculation, the culture vessel was aseptically sampled and samples were 

plated on fastidious anaerobe agar (Acumedia; Lansing, Michigan) supplemented with 5% 

defibrinated sheep’s blood (Hemostat Laboratories; Dixon, California) (sFAA), and incubated at 

37°C aerobically and anaerobically for three days, to check for bacterial contamination.  

A chemostat culture medium was chosen that mimicked nutrient availability in the human 

distal colon based upon previous studies (Table 2.1) (183, 205, 206).  The medium was  
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Figure 2.1 a) An above view of a chemostat culture vessel. (1) Vessel condenser column; (2) 

temperature probe port; (3) culture effluent pipe; (4) acid port; (5) base port; (6) pH probe; (7) 

culture media port; (8) sampling port; (9) N2 gas port. b) A frontal view of the chemostat culture 

vessel. 

 

 

 

 

 

 

 

 

 

 

 

 



32 
 

Table 2.1 List of reagents in the growth medium used to culture microbial communities in the 

chemostat (per litre of dH20).  Superscripts outline the chemical suppliers: (1) Sigma-Aldrich 

(Oakville, Ontario); (2) Thermo Fisher Scientific (Ottawa, Ontario); (3) BD (Franklin Lakes, 

New Jersey); (4) Alfa Aesar (Ward Hill, Massachusetts); (5) BDH (Radnor, Pennsylvania); (6) 

J.T. Baker (Center Valley, Pennsylvania)  

 

Solution Reagent Amount (/L dH20) 

A 

Peptone Water
2 

2.0 g 

Yeast Extract
3 

2.0 g 

NaHCO3
2 

2.0 g 

CaCl2
1 

0.01 g 

Pectin (from citrus)
1 

2.0 g 

Xylan (from beechwood)
1 

2.0 g 

Arabinogalactan
1 

2.0 g 

Starch (from wheat, 

unmodified)
1 5.0 g 

Casein
4 

3.0 g 

Inulin (from Dahlia tubers)
4 

1.0 g 

NaCl
1 

0.1 g 

B 
Porcine Gastric Mucin (Type 

II)
1 4.0 g 

C 

K2HPO4
1 

0.04 g 

KH2PO4
2 

0.04 g 

MgSO4
5 

0.01 g 

Hemin
5 

0.005 g 

Menadione
1 

0.001 g 

D 
Bile Salts

1 
0.5 g 

L-Cysteine HCl
2 

0.5 g 

E 
Antifoam B Silicone 

Emulsion
6 2.5 mL 
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prepared by mixing five individual solutions (labeled A-E in Table 2.1).  For a 1 L bottle of 

medium, reagents were dissolved in 800 mL of dH20 for solution A, 100 mL of dH2O for 

solution B and 50 mL of dH2O for solutions C and D, respectively.  Solutions A and B were then 

autoclaved, while solutions C and D were filter sterilized using 0.22 µm filters (Corning; 

Corning, New York).  Solutions A through E were then combined under aseptic conditions in a 

Class II Laminar flow hood (Life Technologies; Carlsbad, California).  Prepared, sterile medium 

was stored in glass bottles at 4°C for up to two weeks.         

 

2.2 Preparation of a fecal inoculum 

 The Research Ethics Board of the University of Guelph approved this study  

(REB#09AP011). Three healthy adult fecal donors were used for this research; donor A (female, 

42 years-old), donor B (female, 40 years-old) and donor C (male, 44 years-old). All donors had 

no recent history of antibiotic treatment prior to the study (eight years for donor A, seven years 

for donor B and six years for donor C).  Donor A contributed one sample in August of 2011.  

Donors B and C contributed samples on two separate occasions at least six months apart.  Donor 

B provided samples in October of 2011 and 2012.  Donor C provided samples in June of 2012 

and January of 2013.   

 Subjects donated fresh fecal samples in a sterile plastic container that was immediately 

sealed and placed in an anaerobic chamber (atmosphere 90% N2, 5% CO2 and 5% H2) within 5-

10 minutes of defecating.  A 10% (w/v) fecal slurry was prepared by homogenizing 5g of feces 

in 50 mL of chemostat culture media for 1 minute using a Tekmar Stomacher Lab Blender 

(Seward; Worthing, West Sussex, UK).  The resulting slurry was centrifuged at 175 x g for 10 

minutes in order to remove large particulates and undigested foodstuffs in accordance with 
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previous studies (183, 207).  The supernatant was then loaded into a 60 mL syringe and used to 

inoculate the chemostat. 

 

2.3 Preparation of a defined microbial community inoculum 

 Defined microbial communities were prepared by axenically culturing fresh feces from 

donors A and C, respectively.  Feces were serially diluted onto a range of different media types 

(outlined in Tables A1 and A2) and plates were incubated at 37°C under both anaerobic and 

aerobic conditions for up to two weeks.  A Ruskinn Bug Box (Ruskinn Technology Limited; 

Bridgend, UK) was used for the incubation of plates under strict anaerobic conditions 

(atmosphere 90% N2, 5% CO2 and 5% H2) and a VWR incubator (Radnor, Pennsylvania) was 

used for the incubation of plates under aerobic conditions.  Bacterial isolates were streak purified 

and identified by 16S rRNA gene sequencing as previously described (208).  Isolates were stored 

at -80°C in degassed freezing media until required (see Appendix A.1). 

 The defined experimental community (DEC) was composed of selected culturable 

isolates from the feces of donor A, a list that included 50 bacterial strains (see Table 2.2).  The 

microbial ecosystem therapeutic (MET-1) defined community consisted of a subset of 33 

culturable species from donor A (see Table 2.2) (167).  MET-2 (A-D) and MET-3 (A-D) defined 

communities consisted of a subset of 32 culturable species from donors A and C, respectively 

(see Table 2.3).  Defined microbial community inocula were prepared by growing all required 

strains in pure culture using growth medium and culturing conditions as per the respective 

original isolations.  The DEC inoculum was created by scraping biomass from all required 

strains from plates (in the biomass ratios outlined in Table 2.2) and suspending in 400 mL of 

warm (37°C) and degassed 0.9% saline.  The MET-1 inoculum was created in the same  
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Table 2.2 A list of cultured bacterial isolates from the feces of donor A included in DEC and MET-1 defined communities (Chapter 

3).  

 

Higher taxonomic 

group 

Closest species match, inferred by 

alignment of 16S rRNA sequence to 

GreenGenes database 

% identity to 

closest match 

Relative abundance (by biomass) 

DEC MET-1 

Actinobacteria 

Bifidobacterium adolescentis (two different 

strains) 

99.79 

99.79 

1 

1 

1.5 

1.5 

Bifidobacterium longum (two different 

strains) 

99.86 

99.16 

1 

1 

0.50 

2 

Bifidobacterium pseudocatenulatum 98.83 1 - 

Collinsella aerofaciens 98.73 1 1 

Atopobium minutum 100.00 0.75 - 

Bacteroidetes 

Bacteroides fragilis 100.00 1 - 

Bacteroides ovatus 99.52 1 1.5 

Bacteroides vulgatus 99.20 1 - 

Parabacteroides distasonis 99.45 1 1.5 

Firmicutes 

Lactobacillus casei/paracasei 99.47 1 1 

Lactobacillus casei 99.74 1 1 

Lactobacillus ruminis 100.00 1 - 

Streptococcus mitis 99.79 1 0.75 

Eubacterium desmolans 94.90 1 1 

Faecalibacterium prausnitzii 99.17 0.33 2 

Flavonifractor plautii 99.37 1 - 

Clostridium cocleatum 91.92 1 1 

Acidaminococcus intestini 100.00 1 1 

Clostridium hathewayi 99.36 1 - 

Dorea formicigenerans 100.00 1 - 

Blautia sp. 99.55 1 0.75 

Clostridium bolteae (Clostridium sp.) 
93.36 

(93.78) 
0.50 - 

Clostridium citroniae 99.78 1 - 
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Higher taxonomic 

group 

Closest species match, inferred by 

alignment of 16S rRNA sequence to 

GreenGenes database 

% identity to 

closest match 

Relative abundance (by biomass) 

DEC MET-1 

Firmicutes 

Coprococcus comes (Clostridium sp.) 
98.64 

(99.78) 
1 - 

Dorea longicatena (two different strains) 
99.62 

99.60 

1 

1 

1 

2 

Eubacterium sp. (three different strains) 

99.33 

99.34 

99.77 

1 

1 

1 

- 

- 

- 

Eubacterium eligens 98.15 0.50 2 

Eubacterium fissicatena 99.78 1 - 

Eubacterium rectale (four different strains) 

99.59 

99.60 

99.19 

99.53 

1 

0.33 

1 

1 

2 

1.5 

1 

1 

Eubacterium ventriosum 100.00 - 1 

Lachnospira pectinoshiza 95.22 0.50 0.50 

Roseburia faecalis 99.65 1 1.5 

Roseburia intestinalis 100.00 1 1 

Ruminococcus torques (two different strains) 
99.15 

99.29 

1 

1 

1 

2 

Ruminococcus gnavus 96.48 1 - 

Ruminococcus sp. (two different strains) 
97.35 

98.40 

1 

1 

1.5 

0.50 

Clostridium lactatifermentans 97.97 1 - 

Eubacterium limosum 97.05 1 1.5 

Clostridium spiroforme 90.00 0.50 - 

Proteobacteria 
Escherichia coli (two different strains) 

99.80 

99.60 

- 

1 

0.50 

- 

Raoultella sp. 99.40 1 1 
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Table 2.3 A list of cultured bacterial isolates from the feces of donor A and C included in MET-2 (A-D) and MET-3 (A-D) defined 

communities, respectively (Chapter 5). 

 

Higher 

taxonomic 

group 

Closest species match, 

inferred by alignment of 16S 

rRNA sequence to 

GreenGenes database 

% 

identity 

to closest 

match 

Relative abundance (by biomass) 

Donor A Donor C 

MET-

2A 

MET-

2B 

MET-

2C 

MET-

2D 

MET-

3A 

MET-

3B 

MET-

3C 

MET-

3D 

Actinobacteria 

Bifidobacterium longum (three 

different strains) 

99.86 

99.16 

100.00 

1 

1.5 

- 

0.50 

0.75 

- 

1 

1.5 

- 

0.50 

0.75 

- 

- 

- 

1 

- 

- 

0.50 

- 

- 

1 

- 

- 

0.50 

Bifidobacterium adolescentis 

(two different strain) 

99.79 

99.79 

1 

1 

1 

1 

0.25 

1 

0.25 

1 

- 

- 

- 

- 

- 

- 

- 

- 

Collinsella aerofaciens (two 

different strains) 

98.73 

100.00 

0.50 

- 

1 

- 

0.50 

- 

1 

- 

- 

0.50 

- 

1 

- 

0.50 

- 

1 

Microbacterium schleiferi 99.34 - - - - 1.5 0.75 1.5 0.75 

Aldercreutzia equolfaciens 99.76 - - - - 1 1 0.50 0.50 

Micrococcus luteus 97.04 - - - - 1 1 1 1 

Bacteroidetes 

Bacteroides ovatus (two 

different strains) 

99.52 

100.00 

0.50 

- 

1.5 

- 

0.50 

- 

1.5 

- 

- 

0.50 

- 

1.5 

- 

0.50 

- 

1.5 

Parabacteroides distasonis 99.45 1 1 1 1 - - - - 

Parabacteroides merdae 100.00 - - - - 1 1 1 1 

Firmicutes 

Eubacterium rectale (five 

different strains) 

99.59 

99.60 

99.19 

99.53 

100.00 

1 

1 

1 

0.50 

- 

0.25 

0.25 

1 

1 

- 

1 

1 

1 

0.50 

- 

0.25 

0.25 

1 

1 

- 

- 

- 

- 

- 

1 

- 

- 

- 

- 

0.25 

- 

- 

- 

- 

1 

- 

- 

- 

- 

0.25 

Blautia luti 98.91 - - - - 1 0.25 1 0.25 

Roseburia hominis 99.04 - - - - 1 1 1 1 

Roseburia lactaris 95.07 - - - - 0.50 1 0.50 1 

Faecalibacterium prausnitzii 99.17 1 0.25 1 0.25 - - - - 

Ruminococcus albus 96.96 - - - - 1 0.25 1 0.25 
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Higher 

taxonomic 

group 

Closest species match, 

inferred by alignment of 16S 

rRNA sequence to 

GreenGenes database 

% 

identity 

to closest 

match 

Relative abundance (by biomass) 

Donor A Donor C 

MET-

2A 

MET-

2B 

MET-

2C 

MET-

2D 

MET-

3A 

MET-

3B 

MET-

3C 

MET-

3D 

Firmicutes 

Eubacterium eligens (2 

different strains) 

98.15 

96.78 

1 

- 

0.25 

- 

1 

- 

0.25 

- 

- 

1 

- 

0.25 

- 

1 

- 

0.25 

Ruminococcus torques (four 

different strains) 

99.15 

99.29 

99.27 

100.00 

1.5 

1.5 

- 

- 

0.50 

0.75 

- 

- 

1.5 

1.5 

- 

- 

0.50 

0.75 

- 

- 

- 

- 

1.5 

1.5 

- 

- 

0.50 

0.75 

- 

- 

1.5 

1.5 

- 

- 

0.50 

0.75 

Roseburia intestinalis (two 

different strains) 

100.00 

100.00 

1 

- 

1 

- 

1 

- 

1 

- 

- 

1 

- 

1 

- 

1 

- 

1 

Roseburia faecalis 99.65 1 1 1 1 - - - - 

Eubacterium fissicatena 97.67 - - - - 1 1 1 1 

Eubacterium ventriosum (two 

different strains) 

100.00 

97.37 

1 

- 

1 

- 

0.10 

- 

0.10 

- 

- 

1 

- 

1 

- 

0.25 

- 

0.25 

Ruminococcus obeum (two 

different strains) 

99.55 

97.35 

0.50 

0.25 

1.5 

1 

0.50 

0.25 

1.5 

1 

- 

- 

- 

- 

- 

- 

- 

- 

Ruminococcus producta 98.40 0.25 0.50 0.25 0.50 - - - - 

Blautia coccoides 99.85 - - - - 0.25 0.50 0.25 0.50 

Blautia hydrogenotrophica 100.00 - - - - 0.10 0.50 0.10 0.50 

Dorea longicatena (three 

different strains) 

99.62 

99.60 

100.00 

0.25 

0.25 

- 

1.5 

1 

- 

0.25 

0.25 

- 

1.5 

1 

- 

- 

- 

0.25 

- 

- 

1 

- 

- 

0.25 

- 

- 

1 

Dorea formicigenerans 99.49 - - - - 0.25 1.5 0.25 1.5 

Clostridium cocleatum 91.92 0.25 1 0.25 0.50 - - - - 

Clostrium ramosum 96.14 - - - - 0.25 1 0.25 1 

Eubacterium limosum (two 

different strains) 

97.05 

99.25 

0.75 

- 

1.5 

- 

0.75 

- 

1.5 

- 

- 

0.75 

- 

1.5 

- 

0.75 

- 

1.5 

Lactobacillus casei 99.74 0.25 1 0.25 1 - - - - 

Streptococcus thermophilus 100.00 - - - - 0.25 1 0.25 1 

Lactobacillus paracasei 99.47 0.25 1 0.25 1 - - - - 

Bacillus simplex 98.70 - - - - 0.25 1 0.25 1 
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Higher 

taxonomic 

group 

Closest species match, 

inferred by alignment of 16S 

rRNA sequence to 

GreenGenes database 

% 

identity 

to closest 

match 

Relative abundance (by biomass) 

Donor A Donor C 

MET-

2A 

MET-

2B 

MET-

2C 

MET-

2D 

MET-

3A 

MET-

3B 

MET-

3C 

MET-

3D 

Firmicutes 

Coprococcus catus 99.19 - - - - 0.25 1 0.25 1 

Eubacterium desmolans 94.90 0.25 1 0.25 1 - - - - 

Flavonifractor plautii 96.21 - - - - 0.25 1 0.25 1 

Streptococcus mitis (two 

different strains) 

99.79 

100.00 

0.30 

- 

0.30 

- 

0.30 

- 

0.30 

- 

- 

0.30 

- 

0.30 

- 

0.30 

- 

0.30 

Acidaminococcus intestini 100.00 1.5 0.75 1.5 0.75 - - - - 

Phascolarctobacterium sp. 99.85 - - - - 0.10 0.05 0.10 0.05 

Proteobacteria 

Escherichia coli (two different 

strains) 

99.80 

100.00 

0.25 

- 

0.50 

- 

0.25 

- 

0.50 

- 

- 

0.25 

- 

0.50 

- 

0.25 

- 

0.50 

Raoultella sp. 99.40 0.50 0.25 0.50 0.25 - - - - 

Parasutterella 

excrementihominis 
100.00 - - - - 0.5 0.25 0.5 0.25 
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way (in the biomass ratios outlined in Table 2.2) except the final suspension volume was 150 

mL, and the MET-2 (A-D) and MET-3 (A-D) inocula were also created in the same way (in the 

biomass ratios outlined in Table 2.3) but each had a final suspension volume of 75 mL.                

 

2.4 Inoculation and operation of chemostats 

 Prior to inoculation, 2 mL of chemostat culture medium were sampled from the vessel, 

plated on sFAA and incubated overnight at 37°C under either anaerobic or aerobic conditions to 

ensure the absence of bacterial contaminants.  Chemostat vessels containing 300 mL of sterile 

chemostat growth medium (Chapters 3 and 4) were inoculated with either 100 mL of 10% (w/v) 

fresh fecal slurry (post-spin supernatant) or 100 mL of MET-1 suspension (prepared as above).  

For those vessels inoculated with DEC, MET-2 (A-D) and MET-3 (A-D), 50 mL of each defined 

community were added to 350 mL of sterile chemostat growth media, respectively (Chapters 3 

and 5).   

 Chemostat vessels containing sterile culture media were heated to 37°C and the 

automated stirrer and nitrogen gas bubbler were activated prior to inoculation.  Immediately 

following inoculation the pH was adjusted to 6.9-7.0 and maintained for the duration of the 

chemostat run.  The chemostat medium feed was turned on 24 hours post inoculation.  A 4 mL 

sample of culture was taken through the sampling port on a daily basis.  Sample aliquots were 

stored at -80°C until analyzed.        

 

2.5 Examining primary colonizers of chemostat-derived biofilms 

 The single-stage chemostat set-up was modified in order to facilitate the cultivation and 

collection of chemostat-derived biofilms (Figure 2.2).  A silicone tubing array with exchangeable  
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Figure 2.2 A schematic representation of the original single-stage chemostat set-up (a).  A 

silicone tubing array equipped with biofilm sample sections was connected between the culture 

vessel and the culture effluent, illustrated by schematic (b) and a real-life image (c). 
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sample sections was loosely modeled after flow cell systems described in the literature for the 

study of Pseudomonas spp. biofilm development (55, 209).  The silicone tubing array was 

attached to the chemostat between the culture vessel and the culture effluent bottle.  A pump 

located upstream of the silicone tubing array was set to a rate of 400 mL/day (the same rate that 

culture medium was applied to the vessel) to ensure an even flow of culture over all sampling 

sections.  Flow experiments using the prepared silicone tubing array began only once the 

bacterial community in the chemostat had reached a steady state (see section 2.11). 

 

2.6 Biofilm capture experiment preparations 

 Silicone tubing biofilm capture arrays were fashioned from silicone tubing with the 

following specifications: .104 ID X.192 OD X .044 Wall (VWR; Radnor, Pennsylvania).  The 

array was designed to accommodate eight exchangeable biofilm sampling sections that measured 

4 cm in length and the apparatus was joined using straight and Y-shaped tubing connectors (Idex 

Health and Science; Oak Harbor, Washington) (Figure A1).  Prior to attachment to the chemostat 

outflow port, all biofilm capture arrays (and spare biofilm sampling sections) were sterilized by 

autoclaving at 121°C for 20 minutes.   

 Human mucin served as a conditioning film that was applied to the silicone sampling 

sections before they were used for chemostat biofilm culturing. Human mucin was collected 

from the culture supernatant of LS174T cells, a human colorectal adenocarcinoma cell line that 

secretes mucin under standard growth conditions (see Appendix A.2 for standard growth and 

care protocols for LS174T cells).  Spent LS174T medium (which includes human mucin and 

sloughed epithelial cells) was collected after three days from cultured cells that were at least 80% 

confluent and used immediately.  The spent medium was homogenized by gentle vortexing, 
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aseptically applied with a syringe (BD; Franklin Lakes, New Jersey) to silicone sampling 

sections (approximately 400 µL per sample section) in a Class II Laminar flow hood, and 

incubated for 24 hours at 4°C.  Conditioned tubing was then aseptically flushed with 800 µL of 

1X phosphate buffered saline (PBS) (Sigma-Aldrich; St. Louis, Missouri) to remove excess 

conditioning medium, and sampling sections were then immediately attached to the chemostat 

and primed with culture. 

 Secretory immunoglobulin A (sIgA) was used as a further conditioning substrate for the 

silicone sampling sections.  Human sIgA (Sigma Aldrich; St. Louis, Missouri) was made up to a 

concentration of 400 µg/mL, aliquoted and stored at -20°C.  Magnetic, carbon coated cobalt 

nanobeads conjugated to protein A (Turbobeads®) (TurboBeads Llc; Zurich, Switzerland) were 

coated with human sIgA (Figure 2.3) according to the manufacturer’s instructions.  To prepare a 

1 mL master suspension for experimental use, Turbobeads® stock suspension was homogenized 

by vortexing, and 120 µL of beads were aliquoted to a new tube.  Beads were washed with 2 X 1 

mL of 1X PBS and sonicated using a Branson Ultrasonics sonicator (Branson Ultrasonics; 

Danbury, Connecticut) for 1 minute.  Between each wash, a rare earth magnet was used to draw 

the beads to the side of the tube while the supernatant was removed.  500 µL of 1X PBS, 500 µL 

of human sIgA and the washed Turbobeads® were combined to give a 200 µg/mL final 

concentration of sIgA.  Uncoated Turbobeads® were also prepared by combining 120 µL of 

washed and sonicated beads with 1 mL of 1X PBS to generate uncoated bead controls. Prepared 

Turbobeads® were mixed by gentle rotation for 30 minutes and stored at 4°C until required.  

 Silicone sampling sections were encased in circular rare earth magnets (Bunting 

Magnetics Co.; Newton, Kansas) and a PRN adapter injection port was attached (BD; Franklin 

Lakes, New Jersey) before, in turn, being attached to the chemostat (Figure 2.4).  200 µL of  
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Figure 2.3 A schematic image of magnetic Turbobeads® conjugated to protein A (a) and then 

coated with human sIgA (b). 

   

 

 
 

Figure 2.4 An image illustrating silicone tubing sampling sections fitted with rare earth magnets 

(a) and a PRN adapter injection port (b).  sIgA-coated beads are held in place by the rare earth 

magnets (c). 
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sIgA-coated Turbobeads® were injected using a 1 mL syringe and a 21 G 1 ½ needle (BD; 

Franklin Lakes, New Jersey) through the injection port into the sampling section.  The rare earth 

magnets held the Turbobeads® in place for the duration of the experiment. 

                      

2.7 Conducting biofilm capture experiments (adding and removing sample sections) 

 Silicone tubing biofilm capture arrays were aseptically attached to the chemostat between 

the culture vessel and the culture effluent bottle.  Conditioned sampling sections and/or those 

sampling sections prepared with rare earth magnets and sampling ports (as described above) 

were aseptically connected to/removed from the array system by clamping both up- and 

downstream of the sample section using bulldog clips.  Whilst the tubing array was clamped, 

sIgA-coated or uncoated Turbobeads® were injected where required, and then clips were 

released to start the flow.  For all line experiments, tubing sample sections were collected at 1, 2, 

3 and 4 hour time points following the initiation of the culture flow for all microbial 

communities tested.  A summary of the different experiments conducted, including all treatments 

and controls applied to the specific microbial communities tested, can be found in Table 2.4.  

Treatment options included sampling sections conditioned with spent LS174T media, sIgA-

coated Turbobeads® or both.  Control sample sections were run alongside these experiments and 

included lines conditioned with unused LS174T media, uncoated Turbobeads® and/or plain 

silicone tubing.  All line experiments were carried out in duplicate.            

 

2.8 Biofilm sample processing 

 Biofilm sampling sections underwent downstream processing once they were removed 

from the flow experiment.  Those samples conditioned with spent or unused LS174T media, as  
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Table 2.4 An outline of all the microbial communities grown in the chemostat and the series of line experiments conducted on each.  

All line experiments were conducted in duplicate and samples were taken at 1, 2, 3 and 4-hour time points. 

 

Microbial Community Timeline Line Experiments Performed 

DEC June/July 2011 

Unused LS174T media vs. plain silicone tubing controls 

Spent LS174T media vs. plain silicone tubing controls 

sIgA-coated beads vs. uncoated bead controls vs. silicone controls 

Spent LS174T media & sIgA-coated beads vs. uncoated bead & plain 

silicone tubing controls 

All treatments and controls 

Donor A August/September 2011 

Unused LS174T media vs. plain silicone tubing controls 

Spent LS174T media vs. plain silicone tubing controls 

sIgA-coated beads vs. uncoated bead controls vs. silicone controls 

Spent LS174T media & sIgA-coated beads vs. uncoated bead & plain 

silicone tubing controls 

All treatments and controls 

MET-1 January/February 2012 

Unused LS174T media vs. plain silicone tubing controls 

Spent LS174T media vs. plain silicone tubing controls 

sIgA-coated beads vs. uncoated bead controls vs. silicone controls 

Spent LS174T media & sIgA-coated beads vs. uncoated bead & plain 

silicone tubing controls 

All treatments and controls 

Donor B October-December 2011 

Unused LS174T media vs. plain silicone tubing controls 

Spent LS174T media vs. plain silicone tubing controls 

sIgA-coated beads vs. uncoated bead controls vs. silicone controls 

Spent LS174T media & sIgA-coated beads vs. uncoated bead & plain 

silicone tubing controls 

All treatments and controls 
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Microbial Community Timeline Line Experiments Performed 

Donor C June-August 2012 

Unused LS174T media vs. plain silicone tubing controls 

Spent LS174T media vs. plain silicone tubing controls 

sIgA-coated beads vs. uncoated bead controls vs. silicone controls 

Spent LS174T media & sIgA-coated beads vs. uncoated bead & plain 

silicone tubing controls 

All treatments and controls 

Donor B October-December 2012 

Unused LS174T media vs. plain silicone tubing controls 

Spent LS174T media vs. plain silicone tubing controls 

sIgA-coated beads vs. uncoated bead controls vs. silicone controls 

Spent LS174T media & sIgA-coated beads vs. uncoated bead & plain 

silicone tubing controls 

All treatments and controls 

Donor C January-March 2013 

Unused LS174T media vs. plain silicone tubing controls 

Spent LS174T media vs. plain silicone tubing controls 

sIgA-coated beads vs. uncoated bead controls vs. silicone controls 

Spent LS174T media & sIgA-coated beads vs. uncoated bead & plain 

silicone tubing controls 

All treatments and controls 
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well as unconditioned silicone controls, were aseptically washed with 1 mL of 1X PBS in order 

to remove planktonic bacteria.  Following this, the sample section containing biofilm (adherent) 

biomass was mechanically massaged for 30 seconds to dislodge adherent biomass and the 

contents were flushed with 1 mL of 1X TE (Tris/EDTA) buffer into a sterile tube.  Tubes were 

centrifuged for 5 minutes at 20450 x g after which 600 µL of supernatant were removed in order 

to concentrate the sample.  Samples were stored at -80°C until DNA extraction could be 

completed.   

 For experiments that utilized coated and uncoated Turbobeads®, samples were first 

flushed into a sterile tube using 1 mL of 1X PBS.  A rare earth magnet was placed beside the 

tube and the magnetic Turbobeads® were drawn to the side.  The supernatant was removed and 

the beads were washed with 2 X 1 mL of 1X PBS to remove any planktonic bacteria.  Following 

the washes, 1 mL of 1X TE was added and the sample was sonicated for 2 minutes to remove the 

adherent bacteria from the beads in accordance with the manufacturer’s instructions.  Beads were 

then drawn to the side of the tube with the magnet and the supernatant was collected.  Samples 

were concentrated by centrifuging for 5 minutes at 20450 x g after which 600 µL of supernatant 

of the 1 mL volume were removed.  Samples were stored at -80°C until DNA extraction could be 

completed.  Sampling sections that were conditioned with both spent LS174T media and sIgA-

coated Turbobeads® underwent treatment-specific processing.  Resulting concentrated samples 

were pooled prior to storage. 

        

2.9 DNA extraction 

 The same extraction protocol was applied to samples derived from both planktonic and 

biofilm chemostat communities.  DNA was extracted using a combination of bead beating and 
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modified protocols from commercially available kits, as described previously (183).  In brief, 

200 µL of sample were combined with 200 mg of glass beads (Biospec Products Inc.; 

Bartlesville, Oklahoma), 300 µL of SLX buffer (Omega Bio-Tek E.Z.N.A.® Stool DNA kit; 

Norcross, Georgia) and 10 µL of 20 mg/mL proteinase K (in 0.1 mM CaCl2) and were vigorously 

mixed in a mini bead beater (Biospec Products Inc.; Bartlesville, Oklahoma) for 3 minutes.  

Samples were then incubated at 70°C for 10 minutes, 95°C for 5 minutes and on ice for 2 

minutes.  Each sample was vortexed for 30 seconds following the addition of 100 µL of buffer 

P2 (Omega Bio-Tek E.Z.N.A.® Stool DNA kit; Norcross, Georgia).  Samples were incubated on 

ice for 5 minutes followed by a 5 minute spin at 20450 x g.  The supernatant was then added to 

200 µL of HTR reagent (Omega Bio-Tek E.Z.N.A.® Stool DNA kit; Norcross, Georgia) and was 

vortexed for 10 seconds.  Samples were incubated at room temperature for a further 2 minutes 

and then underwent a final 2 minute spin at 20450 x g.  The supernatant from each sample was 

transferred to a Maxwell®16 DNA Purification Kit cartridge (Promega; Madison, Wisconsin) 

and the remainder of the protocol was carried out according to Maxwell® kit instructions. 

      

2.10 16S-DGGE 

 16S-DGGE analysis was carried out on samples obtained from all line experiment time 

points as well as on samples collected every other day from the planktonic community of the 

chemostat, starting at the day of inoculation.  The V3 region (339–539 bp, Escherichia coli 

numbering) of the 16S rRNA gene was amplified using the primers HDA1 and HDA2-GC (210).  

The PCR master mix included a 1X Thermopol reaction buffer with 2 mM MgSO4 (NEB; 

Whitby, Ontario), dNTP’s (Invitrogen; Burlington, Ontario) at a concentration of 20 mM, and 

Tsg DNA polymerase (Bio Basic; Markham, Ontario), using 1-2 µL of extracted DNA as a 
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template.  Each sample was amplified in three identical PCR reactions.  The thermocycling 

conditions were: 92°C for 2 min, (92°C for 1 minute, 55°C for 30 seconds, 72°C for 1 minute) x 

35 and 72°C for 10 minutes.  The quality of the PCR was determined by agarose gel 

electrophoresis (Appendix A.3.1). Three PCR amplifications for each sample were pooled and 

concentrated to 40 µL using the EZ-10 Spin Column PCR Products Purification Kit (Bio Basic; 

Markham, Ontario) (Appendix A.3.2).  Each sample was mixed with 10 µL of DGGE loading 

dye (Table A8) prior to being loaded onto a pre-prepared denaturing gradient gel (Appendix 

A.3.3).  

 A 16S-DGGE ladder standard was created using five different bacteria from the human 

gut previously isolated by the Allen-Vercoe lab.  The 16S-DGGE ladder included Coprobacillus 

sp. (1/2/53), Enterococcaceae sp. (30/1 aka HMP#323), Veillonella sp. (5/2/43 FAA), 

Clostridium sp. (1/1/41 A1 FAA CT2, aka HMP#174), and Propionibacterium sp. (7/6/55B 

FAA).  Strains that have an associated HMP number were sequenced through the Human 

Microbiome Project 48 (HMP, 

http://www.hmpdacc.org/reference_genomes/reference_genomes.php).  Strains were grown 

under anaerobic conditions at 37°C on sFAA and DNA from each strain was extracted using a 

previously published lab method (208).  The V3 region of the 16S rRNA gene was amplified for 

each strain using the primers HDA1 and HDA2-GC.  The PCR products were pooled together 

and 50 µL of DGGE loading dye (Table A8) were added to the mixture.  16S-DGGE ladder 

samples were loaded in the first, middle and last lanes of each DGGE gel.  

 16S-DGGE was conducted using a DCode system (BioRad Laboratories; Hercules, 

California) and a 6% (v/v) polyacrylamide gel as described by Muyzer et al. (211).  PCR 

products were separated using a denaturing gradient of 30-55%, where 100% denaturing 
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acrylamide was defined as 7 M urea and 40% formamide.  Gels were run at 60°C and 120 V in 

1X TAE (Tris/acetic acid/EDTA) buffer (Table A7) for 5 hours (Appendix A.3.4).  Gels were 

then stained with an ethidium bromide bath (1L 1x TAE + 100 µL 0.5 µg/mL ethidium bromide 

(Sigma-Aldrich; St. Louis, Missouri)) for 10 minutes and destained in ddH2O for 10 minutes.  

Gels were transferred to a SynGene G-Box gel documentation system and GeneSnap software 

(version 6.08.04, Synoptics Ltd; Cambridge, UK) was used to capture an image. The gels were 

normalized for saturation using the ‘autosat’ feature. 

   

   

2.11 16-S DGGE statistical analysis 

2.11.1 Community dynamics analysis 

 16S-DGGE gel images were analyzed using the Syngene GeneTools software (version 

4.01.03, Synoptics Ltd).  Using Pearson correlation coefficient values (similarity index values), 

the similarities between the 16S-DGGE banding patterns amongst samples could be determined.  

Similarity index (SI) values ranged from 0 to 1, with a value of 0 indicating that two profiles had 

no bands in common and a value of 1 indicating that two profiles had all bands in common.  The 

correlation coefficient (%SI) was calculated by multiplying the SI value by 100.  Where 

required, a dendrogram was generated using Pearson correlation coefficient values and the 

unweighted pair group with mathematical averages (UPGMA) method. 

 Moving window correlation analysis was performed in order to measure the changes 

within a community over time (183, 212).  Briefly, each point on the plot represents the %SI 

between 16S-DGGE profiles from the same planktonic chemostat community on days (x-2) vs. 

(x) (183, 213).  These plots were used to assess the time required to reach steady state (the point 
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when growth of the culture occurs at a constant rate) and the stability of the community over 

time.  Gel-specific cut-off thresholds were calculated to determine the variation of the SI values 

between samples.  Cut-off thresholds were calculated by comparing the similarity of identical 

standard 16S-DGGE ladder profiles within the same DGGE gel.  Standard ladder samples should 

be identical (i.e. generate a %SI of 100), however due to the common variations in the gradient 

across the width of the gel or experimental error associated with the technique, these values are 

always less than 100.  Those sample profiles with %SI values higher than the cut-off threshold 

were considered identical.  Those sample profiles with %SI values within 5% of the cut-off 

threshold were considered similar (183).  The rate-of-change cut-off threshold was determined 

by subtracting the gel-specific cut-off threshold from 100%.  Steady state was achieved once 

rate-of-change values remained below or within 5% of the rate-of-change cut-off threshold.  The 

same principle was applied to primary colonizer biofilm communities (Chapters 3 and 4).  Each 

cut-off point is specific for an individual gel, where cut-off points change throughout the thesis.  

Two samples were considered to be different if their %SI values fell a minimum of 5% below the 

gel-defined cut-off point. 

 

2.11.2 Species richness 

 Species richness (S), the number of species present in the community, was approximated 

by counting the number of bands present in a given 16S-DGGE community profile (214, 215). 
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2.11.3 Shannon diversity index 

The Shannon diversity index (H’) is a quantitative measurement of how many different 

species there are in a given community (214, 216).  H’ was calculated for 16S-DGGE 

community profiles using the equation: 

 

where S represents the total number of DGGE bands and pi represents the proportion of the ith 

band (bank peak height).  A value of H’ equal to zero represents the minimum value for this 

index and is descriptive of a community with a single species.  An increase in H’ may be the 

result of an increase in richness, evenness or both.       

 

2.11.4 Shannon equitability index 

The Shannon equitability index (EH’) is a measurement of evenness in a community, or 

how close in number each species in a community is to one another (217).  EH’ was calculated for 

16S-DGGE community profiles using the equation: 

 

EH’ = H’/lnS 

 

where H’ represents the Shannon diversity index and S represents the total number of DGGE 

bands.  A value of EH’ equal to 1 represents complete community evenness and an EH’ value 

equal to zero represents complete community unevenness.  
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2.11.5 Compensating for 16S-DGGE gel-to-gel variation 

 In some cases, there were too few lanes in one DGGE gel to make all of the necessary 

community profile comparisons (chapter 5).  To obtain community dynamics data over the entire 

course of a chemostat run, gels were compared to one another as previously described (183).  

The inoculum sample was loaded onto each gel and the last time point samples from one gel 

were run as the first time point samples on the next gel, to create a series of overlapping time 

points.  The gel that contained community dynamics S, H’ and EH’ values closest to their average 

value was set as the reference gel.  A correction value for the other gels was then obtained by 

calculating the average difference between identical samples’ (the inoculum and overlapping 

values) S, H’ and EH’ values.  The respective correction value for each community dynamics 

parameter was then added to (or subtracted from) each sample within the gel(s).  Parameter 

values for overlapping time points were averaged.  As the same correction value was added to 

(or subtracted from) all values within a gel, relative within-gel differences were maintained.   

     

2.12 PCR amplification and MiSeq® platform Illumina® sequencing 

 Community samples destined for sequencing were PCR amplified, targeting the V6 

region (984-1047 bp, Escherichia coli numbering) of the 16S rRNA gene using the primers 

described in Table 2.5.  The Illumina MiSeq (Illumina Inc.; San Diego, California) sequencing 

platform can sequence up to 96 samples at a given time.  Therefore, primer sets were designed to 

uniquely barcode each sample such that sequences associated with an individual sample could be 

distinguished from the others during downstream processing (Table 2.6).  GoTaq Hot Start 

Colourless Master Mix (Promega; Madison, Wisconsin) was used for each reaction, with 1-2 µL 

of extracted DNA serving as a template.  Each sample was amplified in only one PCR reaction.   
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Table 2.5 Primers used to amplify the V6 region of the 16S rRNA genes from planktonic and 

biofilm community samples destined for MiSeq Illumina® sequencing. 

 

Index 

ID 
Flowcell Adapter - Index - Sequencing Primer - 16S Primer 

N501 
AATGATACGGCGACCACCGAGATCTACACTAGATCGCTCGTCGGCAGCGTCAGATGTGTATA

AGAGACAGCWACGCGARGAACCTTACC 

N502 
AATGATACGGCGACCACCGAGATCTACACCTCTCTATTCGTCGGCAGCGTCAGATGTGTATA

AGAGACAGCWACGCGARGAACCTTACC 

N503 
AATGATACGGCGACCACCGAGATCTACACTATCCTCTTCGTCGGCAGCGTCAGATGTGTATA

AGAGACAGCWACGCGARGAACCTTACC 

N504 
AATGATACGGCGACCACCGAGATCTACACAGAGTAGATCGTCGGCAGCGTCAGATGTGTATA

AGAGACAGCWACGCGARGAACCTTACC 

N505 
AATGATACGGCGACCACCGAGATCTACACGTAAGGAGTCGTCGGCAGCGTCAGATGTGTATA

AGAGACAGCWACGCGARGAACCTTACC 

N506 
AATGATACGGCGACCACCGAGATCTACACACTGCATATCGTCGGCAGCGTCAGATGTGTATA

AGAGACAGCWACGCGARGAACCTTACC 

N507 
AATGATACGGCGACCACCGAGATCTACACAAGGAGTATCGTCGGCAGCGTCAGATGTGTATA

AGAGACAGCWACGCGARGAACCTTACC 

N508 
AATGATACGGCGACCACCGAGATCTACACCTAAGCCTTCGTCGGCAGCGTCAGATGTGTATA

AGAGACAGCWACGCGARGAACCTTACC 

 

N701 
CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTGGGCTCGGAGATGTGTATAAGAG

ACAGACRACACGAGCTGACGAC 

N702 
CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGGGCTCGGAGATGTGTATAAGA

GACAGACRACACGAGCTGACGAC 

N703 
CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTGGGCTCGGAGATGTGTATAAGAG

ACAGACRACACGAGCTGACGAC 

N704 
CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCTCGTGGGCTCGGAGATGTGTATAAGA

GACAGACRACACGAGCTGACGAC 

N705 
CAAGCAGAAGACGGCATACGAGATAGGAGTCCGTCTCGTGGGCTCGGAGATGTGTATAAGA

GACAGACRACACGAGCTGACGAC 

N706 
CAAGCAGAAGACGGCATACGAGATCATGCCTAGTCTCGTGGGCTCGGAGATGTGTATAAGA

GACAGACRACACGAGCTGACGAC 

N707 
CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTCTCGTGGGCTCGGAGATGTGTATAAGA

GACAGACRACACGAGCTGACGAC 

N708 
CAAGCAGAAGACGGCATACGAGATCCTCTCTGGTCTCGTGGGCTCGGAGATGTGTATAAGAG

ACAGACRACACGAGCTGACGAC 

N709 
CAAGCAGAAGACGGCATACGAGATAGCGTAGCGTCTCGTGGGCTCGGAGATGTGTATAAGA

GACAGACRACACGAGCTGACGAC 

N710 
CAAGCAGAAGACGGCATACGAGATCAGCCTCGGTCTCGTGGGCTCGGAGATGTGTATAAGA

GACAGACRACACGAGCTGACGAC 

N711 
CAAGCAGAAGACGGCATACGAGATTGCCTCTTGTCTCGTGGGCTCGGAGATGTGTATAAGAG

ACAGACRACACGAGCTGACGAC 

N712 
CAAGCAGAAGACGGCATACGAGATTCCTCTACGTCTCGTGGGCTCGGAGATGTGTATAAGAG

ACAGACRACACGAGCTGACGAC 
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Table 2.6 96-well plate layout of the different combination of sequencing primers (from Table 

2.5) for the identification of sequences derived from up to 96 samples.  

 

 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 

R1 
N501 
N701 

N501 
N702 

N501 
N703 

N501 
N704 

N501 
N705 

N501 
N706 

N501 
N707 

N501 
N708 

N501 
N709 

N501 
N710 

N501 
N711 

N501 
N712 

R2 
N502 
N701 

N502 
N702 

N502 
N703 

N502 
N704 

N502 
N705 

N502 
N706 

N502 
N707 

N502 
N708 

N502 
N709 

N502 
N710 

N502 
N711 

 
    

N502 

N712 
 

R3 
N503 
N701 

N503 
N702 

N503 
N703 

N503 
N704 

N503 
N705 

N503 
N706 

N503 
N707 

N503 
N708 

N503 
N709 

N503 
N710 

N503 
N711 

 

N503 
N712 

 

R4 
N504 
N701 

N504 
N702 

N504 
N703 

N504 
N704 

N504 
N705 

N504 
N706 

N504 
N707 

N504 
N708 

N504 
N709 

N504 
N710 

N504 
N711 

 

N504 
N712 

 

R5 
N505 

N701 

N505 

N702 

N505 

N703 

N505 

N704 

N505 

N705 

N505 

N706 

N505 

N707 

N505 

N708 

N505 

N709 

N505 

N710 

N505 

N711 

 
N505 

N712 

 

R6 
N506 
N701 

N506 
N702 

N506 
N703 

N506 
N704 

N506 
N705 

N506 
N706 

N506 
N707 

N506 
N708 

N506 
N709 

N506 
N710 

N506 
N711 

     
    

N506 

N712 
 

R7 
N507 
N701 

N507 
N702 

N507 
N703 

N507 
N704 

N507 
N705 

N507 
N706 

N507 
N707 

N507 
N708 

N507 
N709 

N507 
N710 

N507 
N711 

 

N507 
N712 

 

R8 
N508 
N701 

N508 
N702 

N508 
N703 

N508 
N704 

N508 
N705 

N508 
N706 

N508 
N707 

N508 
N708 

N508 
N709 

N508 
N710 

N508 
N711 

 

N508 
N712 
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The thermocycling conditions were: (95°C for 1 minute, 55°C for 1 minute and 72°C for 1 

minute) x 30 cycles.  The success of the PCR was determined by agarose gel electrophoresis. 

Each PCR product was purified in 40 µL of ddH2O using the EZ-10 Spin Column PCR Products 

Purification Kit.  The DNA in each sample was then normalized using the SequalPrep™ 

Normalization Plate Kit, 96 well (Invitrogen; Burlington, Ontario), following the manufacturer’s 

instructions.  Sequencing was performed on the Illumina MiSeq sequencing platform using the 

Illumina MiSeq 500 cycle kit with v2 chemistry (Illumina Inc.; San Diego, California), as well as 

MiSeq Control Software and Real Time Analysis Software, both native to the instrument.  

Quality control was built into sequencing runs by incorporating a known genome (PhiX) into the 

plate, such that half of the generated reads were reads to confirm correct sequencing of this 

genome.  Raw sequencing data and run quality control records were uploaded to the BaseSpace® 

genomics cloud for personal download.  A summary of all the samples sequenced can be found 

in Table 2.7. 

 

2.13 Bioinformatics pipeline of the 16S rRNA gene sequencing data 

Mothur (v1.33.1) was used for bioinformatics analysis (218).  Paired end reads were 

aligned and sequence libraries were filtered by removing sequences not consistent with the target 

amplicon size (111 bp), those containing any ambiguous base calls or long runs (>8 bp) of 

homopolymers, and those that did not align with the V6 region of the 16S rRNA gene.  

Sequences were aligned using the Silva 16S rRNA reference database (www.arb-silva.de) (219). 

Chimeras were detected using uchime and removed (220).  Taxonomy was assigned using an 

internal taxonomy database created from the 16S rRNA gene sequences of DEC, MET-1, MET-2 

and MET-3 components.  Full-length 16S rRNA gene sequences were obtained from each isolate  

http://www.arb-silva.de/


58 
 

Table 2.7 A summary of all the samples whose V6 region of the 16S rRNA gene was sequenced 

using the llumina MiSeq® sequencing platform. 

 

Donor Time/Day of Collection Sample Description 

MET-1 

1 hour time point during line 

experiment 

Unused LS174T medium – replicates 1 and 2 

Unused LS174T medium silicone control – replicates 1 and 2 

Spent LS174T medium – replicates 1 and 2 

Spent LS174T medium silicone control – replicates 1 and 2 

sIgA-coated beads – replicates 1 and 2 

Uncoated bead control – replicates 1 and 2 

sIgA-coated bead silicone control – replicates 1 and 2 

Spent LS174T + sIgA-coated beads – replicates 1 and 2 

Uncoated beads + silicone controls – replicates 1 and 2 

Day 0 of the chemostat run Planktonic community inoculum 

Day 8 of the chemostat run 

Planktonic community 
Day 10 of the chemostat run 

Day 14 of the chemostat run 

Day 17 of the chemostat run 

DEC 

1 hour time point during line 

experiment 

Unused LS174T medium – replicates 1 and 2 

Unused LS174T medium silicone control – replicates 1 and 2 

Spent LS174T medium – replicates 1 and 2 

Spent LS174T medium silicone control – replicates 1 and 2 

sIgA-coated beads – replicates 1 and 2 

Uncoated bead control – replicates 1 and 2 

sIgA-coated bead silicone control – replicates 1 and 2 

Spent LS174T + sIgA-coated beads – replicates 1 and 2 

Uncoated beads + silicone controls – replicates 1 and 2 

Day 0 of the chemostat run Planktonic community inoculum 

Day 12 of the chemostat run 

Planktonic community 
Day 13 of the chemostat run 

Day 15 of the chemostat run 

Day 18 of the chemostat run 

Donor A 

1 hour time point during line 

experiment 

Unused LS174T medium – replicates 1 and 2 

Unused LS174T medium silicone control – replicates 1 and 2 

Spent LS174T medium – replicates 1 and 2 

Spent LS174T medium silicone control – replicates 1 and 2 

sIgA-coated beads – replicates 1 and 2 

Uncoated bead control – replicates 1 and 2 

sIgA-coated bead silicone control – replicates 1 and 2 

Spent LS174T + sIgA-coated beads – replicates 1 and 2 

Uncoated beads + silicone controls – replicates 1 and 2 

Day 0 of the chemostat run Planktonic community inoculum 

Day 37 of the chemostat run 

Planktonic community 
Day 40 of the chemostat run 

Day 41 of the chemostat run 

Day 42 of the chemostat run 

Donor B1 

1 hour time point during line 

experiment 

Unused LS174T medium – replicates 1 and 2 

Unused LS174T medium silicone control – replicates 1 and 2 

Spent LS174T medium – replicates 1 and 2 

Spent LS174T medium silicone control – replicates 1 and 2 

sIgA-coated beads – replicates 1 and 2 

Uncoated bead control – replicates 1 and 2 

sIgA-coated bead silicone control – replicates 1 and 2 

Spent LS174T + sIgA-coated beads – replicates 1 and 2 

Uncoated beads + silicone controls – replicates 1 and 2 

Day 0 of the chemostat run 

 
Planktonic community inoculum 
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Donor Time/Day of Collection Sample Description 

Donor B1 

Day 38 of the chemostat run 

Planktonic community 
Day 39 of the chemostat run 

Day 40 of the chemostat run 

Day 41 of the chemostat run 

Donor B2 

1 hour time point during line 

experiment 

Unused LS174T medium – replicates 1 and 2 

Unused LS174T medium silicone control – replicates 1 and 2 

Spent LS174T medium – replicates 1 and 2 

Spent LS174T medium silicone control – replicates 1 and 2 

sIgA-coated beads – replicates 1 and 2 

Uncoated bead control – replicates 1 and 2 

sIgA-coated bead silicone control – replicates 1 and 2 

Spent LS174T + sIgA-coated beads – replicates 1 and 2 

Uncoated beads + silicone controls – replicates 1 and 2 

Day 0 of the chemostat run Planktonic community inoculum 

Day 36 of the chemostat run 

Planktonic community 
Day 37 of the chemostat run 

Day 40 of the chemostat run 

Day 41 of the chemostat run 

Donor C1 

1 hour time point during line 

experiment 

Unused LS174T medium – replicates 1 and 2 

Unused LS174T medium silicone control – replicates 1 and 2 

Spent LS174T medium – replicates 1 and 2 

Spent LS174T medium silicone control – replicates 1 and 2 

sIgA-coated beads – replicates 1 and 2 

Uncoated bead control – replicates 1 and 2 

sIgA-coated bead silicone control – replicates 1 and 2 

Spent LS174T + sIgA-coated beads – replicates 1 and 2 

Uncoated beads + silicone controls – replicates 1 and 2 

Day 0 of the chemostat run Planktonic community inoculum 

Day 36 of the chemostat run 

Planktonic community 
Day 37 of the chemostat run 

Day 38 of the chemostat run 

Day 39 of the chemostat run 

Donor C2 

1 hour time point during line 

experiment 

Unused LS174T medium – replicates 1 and 2 

Unused LS174T medium silicone control – replicates 1 and 2 

Spent LS174T medium – replicates 1 and 2 

Spent LS174T medium silicone control – replicates 1 and 2 

sIgA-coated beads – replicates 1 and 2 

Uncoated bead control – replicates 1 and 2 

sIgA-coated bead silicone control – replicates 1 and 2 

Spent LS174T + sIgA-coated beads – replicates 1 and 2 

Uncoated beads + silicone controls – replicates 1 and 2 

Day 0 of the chemostat run Planktonic community inoculum 

Day 36 of the chemostat run 

Planktonic community 
Day 37 of the chemostat run 

Day 40 of the chemostat run 

Day 41 of the chemostat run 

MET-2A 

Day 0 of the chemostat run Planktonic community inoculum 

Day 6 of the chemostat run 

Planktonic community 
Day 12 of the chemostat run 

Day 18 of the chemostat run 

Day 24 of the chemostat run 

MET-2B 

Day 0 of the chemostat run Planktonic community inoculum 

Day 6 of the chemostat run 

Planktonic community 
Day 12 of the chemostat run 

Day 18 of the chemostat run 

Day 24 of the chemostat run 

MET-2C 
Day 0 of the chemostat run Planktonic community inoculum 

Day 6 of the chemostat run Planktonic community 
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Donor Time/Day of Collection Sample Description 

MET-2C 

Day 12 of the chemostat run 

Planktonic community Day 18 of the chemostat run 

Day 24 of the chemostat run 

MET-2D 

Day 0 of the chemostat run Planktonic community inoculum 

Day 6 of the chemostat run 

Planktonic community 
Day 12 of the chemostat run 

Day 18 of the chemostat run 

Day 24 of the chemostat run 

MET-3A 

Day 0 of the chemostat run Planktonic community inoculum 

Day 6 of the chemostat run 

Planktonic community 
Day 12 of the chemostat run 

Day 18 of the chemostat run 

Day 24 of the chemostat run 

MET-3B 

Day 0 of the chemostat run Planktonic community inoculum 

Day 6 of the chemostat run 

Planktonic community 
Day 12 of the chemostat run 

Day 18 of the chemostat run 

Day 24 of the chemostat run 

MET-3C 

Day 0 of the chemostat run Planktonic community inoculum 

Day 6 of the chemostat run 

Planktonic community 
Day 12 of the chemostat run 

Day 18 of the chemostat run 

Day 24 of the chemostat run 

MET-3D 

Day 0 of the chemostat run Planktonic community inoculum 

Day 6 of the chemostat run 

Planktonic community 
Day 12 of the chemostat run 

Day 18 of the chemostat run 

Day 24 of the chemostat run 

 

 

 

 

 

 

 

 

 

 

 



61 
 

as previously described (167).  Sequences were binned into operational taxonomic units (OTUs) 

at a 3% dissimilarity level. 

 

2.14 Statistical analysis of the 16S rRNA gene sequencing data 

 Student’s t-test or ANOVA with Tukey’s post hoc test were used for comparing groups, 

where a P-value <0.05 was considered significant.  Using Pearson correlation coefficient values 

(similarity index values), the similarities between sequencing profiles amongst samples could be 

determined.  Similarity index (SI) values ranged from 0 to 1, with a value of 0 indicating that two 

profiles had no sequences in common and a value of 1 indicating that two profiles had all 

sequences in common.  The %SI was calculated by multiplying the SI value by 100.  Relative 

abundances were calculated and compared using the Wilcoxon test or logistic regression, with a 

P value of <0.05 considered significant.  Principal component analysis (PCA) was also 

performed to visualize the association amongst different fecal donors and defined communities.  

Statistical data were obtained using the JMP® (version 11.0.0, SAS Institute Inc.) statistical 

software package. 

 

2.15 Metabolite profiling with 1D-
1
H NMR spectroscopy 

 Samples intended for 1D-
1
H NMR spectroscopy were collected from MET-2 (A-D) and 

MET-3 (A-D) defined communities (chapter 5) on days 6, 14 and 20 of each chemostat run 

(Table 2.8).  4mL aliquots of each community were spun at 20450 x g for 5 minutes in order to 

pellet the bacterial cell fraction of the sample.  The supernatant was removed and subjected to 

filter sterilization, first with a 0.45 µm syringe filter (Corning; Corning, New York) followed by  
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Table 2.8 A list of samples analyzed by 1D-
1
H NMR spectroscopy (Chapter 5). 

 

Community Day of Chemostat Run 

MET-2A 

6 

14 

20 

MET-2B 

6 

14 

20 

MET-2C 

6 

14 

20 

MET-2D 

6 

14 

20 

MET-3A 

6 

14 

20 

MET-3B 

6 

14 

20 

MET-3C 

6 

14 

20 

MET-3D 

6 

14 

20 
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a 0.22 µm syringe filter (Corning; Corning, New York).  Samples were stored at 4°C until 1D-
1
H 

NMR scanning.   

     1D-
1
H NMR spectroscopy was performed by Sandi Yen and Dr. Marc Aucoin from the 

University of Waterloo.  Samples were analyzed by 1D-
1
H NMR spectroscopy on a 600 MHz 

Bruker Avance (Bruker Biosciences Corporation; Billerica, Massachusetts) using a NOESY 

sequence as required by the profiling software, Chenomx NMR Suite 7.7 (Chenomx Inc.; 

Edmonton, Alberta).  Samples were prepared for 1D-
1
H NMR by adding a chemical shape 

indicator, DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) at 10% v/v.  Samples were 

randomized in their scan order, and stored at 4ºC prior to scanning, but were allowed to return to 

room temperature before entering the 1D-
1
H NMR spectrometer.  Sample spectra were profiled 

according to scan order.  Two samples were selected at random to be scanned in triplicate. MET-

2A day 6 and MET-3A day 6 samples were split into three aliquots and scanned for profile 

variation.  After the profiles were assembled, each compound was assessed post hoc for 

confidence in identity and quantification.  Confidence in identity and quantity were determined 

by the number of clusters in the NMR signal produced by the compound, the level of 

convolution with the signatures produced by other compounds, and the signal-to-noise ratio of 

the compound.  Only high-confidence compounds were included in the analyses.  Metabolite 

profiles were constructed for 24 samples using the Chenomx NMR Suite 7.7 sofware. 

 

2.16 Statistical analysis of 1D-
1
H NMR spectroscopy metabolite profiles 

 Statistical analysis was also performed by Sandi Yen and Dr. Marc Aucoin from the 

University of Waterloo.  The metabolite profiles were analysed using PCA to model the variance 
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between different MET communities and metabolites associated with observed variances. Mean 

centering (x-   ̅) and unit variance scaling (   , where   is the standard deviation of x 

concentrations) were applied to the metabolite profiles to easily compare the concentration 

changes and evaluate all compounds as equally weighted.  Statistical analyses were conducted 

using R, a statistical computing and graphics tool, and the JMP® statistical software package. 
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Chapter 3 

Development of a novel method to culture 

and characterize the primary colonizers 

of in vitro biofilms of the distal colon 

 

3.1 Introduction 

 Many different in vivo and in vitro models have been used to study the human gut 

microbiota, each with a strong focus on composition, perturbation and disease (180, 202, 203, 

221, 222).  Although in vivo models have the advantage of biological significance, in vitro 

models are traditionally more economical, their environmental parameters are easy to control, 

and they are not subject to the same rigorous ethical constraints enforced in the use of in vivo 

models.  Continuous culture chemostat models of the distal colon have been shown to be highly 

reproducible, stable and representative of the diversity of the community from which they were 

derived (183).  Studies that focus on biofilms associated with the human gut microbiota have 

been limited in the past, likely due to the technical difficulties encountered when investigating 

anaerobic communities of such complexity.  However, chemostat model designs are flexible 

enough that they can withstand technical alterations that allow for the cultivation and study of in 

vitro colonic biofilm communities (223).   

 Fresh fecal samples are traditionally used as the starting inocula for chemostat models of 

the distal colon.  Albeit readily available, collection of fecal samples is necessarily governed by 

rigorous ethical regulations that can create experimental constraint; once in the chemostat feces-

derived, complex communities require an extended period of time (several weeks) to reach a 
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steady state suitable for experimentation (183).  In addition, potential differences in the 

composition of a donor’s fecal community over time results in difficulties obtaining meaningful 

biological replication for repeated runs (183).  Defined bacterial communities, in which the 

relative composition and identity of the starting microbes are known, offer an attractive 

alternative to fecal inocula.  To model a fecal community as accurately as possible, microbes in 

the defined community should originate from an individual host in an attempt to preserve 

established inter-microbe interactions (167).  Indeed, pooling microbes from the feces of 

different donors may result in inter-microbe interactions that select for the growth of specific 

microbial groups over others and ultimately result in steady state communities that are less 

representative of the distal gut (182).  Previous studies in our lab have determined that defined 

communities are stable, reproducible and, in general, have comparable measures of ecological 

richness and diversity by steady state, therefore serving as promising alternatives to fecal inocula 

(224).  Therefore it is reasonable to also explore the potential of defined communities to serve as 

the inoculum for modelling primary colonizers of distal gut biofilms.   

 In this study we retro-fitted a single-stage chemostat model to capture and sample the 

primary colonizers of healthy human colonic biofilms in vitro.  The fecal community of donor A, 

as well as defined communities, DEC and MET-1, were used to determine the extent of 

community complexity required to culture representative early biofilms.  The DEC inoculum 

included 50 culturable isolates from donor A (representative of the greatest diversity that could 

be individually cultured from this donor) in approximately equal biomass ratios (with the 

exception of a few slow-growing isolates where less biomass was included).  The MET-1 

inoculum consisted of fewer isolates than DEC (33), and was a subset of DEC created as an 

‘ecosystem therapeutic’ to approximate the biomass ratios of those bacterial groups noted in 
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human stool samples (167).   We then used a molecular fingerprinting technique, 16S-DGGE, as 

well as 16S rRNA gene sequencing using the MiSeq Illumina platform to characterize the 

primary colonizer communities that formed in our model.  The aims of this study were; (i) to 

determine the utility of our modified in vitro single-stage chemostat system to capture and 

sample primary colonizer biofilm communities derived from healthy human subjects; (ii) to carry 

out time-course experiments to model development of primary colonizer biofilms on biologically 

relevant substrata in a high-throughput and easy-to-sample manner; (iii) to investigate the 

potential of creating defined, simplified biofilm communities suitable for future research; (iv) to 

identify the similarities and differences between the primary colonizers derived from either a 

fecal community inoculum or from its defined derivative.      

 

3.2 Results 

 Three separate chemostat vessels inoculated with either donor A feces, DEC or MET-1 

ran for a total of 46, 28 and 20 days, respectively. Community analysis was conducted on all 

three runs using samples extracted every other day from the planktonic community in the 

chemostat vessel.  

 

3.2.1 Determining steady state for donor A feces, DEC and MET-1 planktonic communities 

 16S-DGGE analysis was performed to determine the amount of time required for 

planktonic communities to reach a steady state composition.  %SI values were generated and 

moving window correlation analysis was performed on samples taken every other day from each 

chemostat run.  Cut-off thresholds were calculated by comparing the similarity of three identical 
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standard 16S-DGGE ladder profiles within the same DGGE gel.  Standard ladder samples should 

be identical (i.e. generate a rate-of-change value of 0), however due to the common variations in 

the gradient across the width of the gel or experimental error associated with the technique, these 

values are always greater than 0 (183).  Communities were defined as having achieved steady 

state once rate-of-change values remained below or within 5% of the gel-defined cut-off 

threshold (183).   

Rate-of-change values fell below the gel-defined cut-off threshold for donor A by 14 

days post-inoculum (Figure 3.1d).  Defined communities DEC and MET-1 rate-of-change values 

fell below the gel-defined cut-off threshold much sooner, by days 12 and 7, respectively (Figure 

3.1d).  However, measures of community richness and diversity took much longer to stabilize for 

the donor A community than for either the DEC or MET-1 communities.  Species band richness, 

Shannon diversity and Shannon equitability indices did not stabilize until day 26 post-inoculum 

for donor A (Figure 3.1a-c).   Stability was achieved much earlier for the DEC community, by 

day 12 post-inoculum, and for the MET-1 community by day 6 post-inoculum (Figure 3.1a-c).  

Biofilm capture experiments were carried out during the 9-10 day period following acquisition of 

steady state.  During this experimental period approximately 30 mL of chemostat culture were 

used per day to prime the silicone tubing apparatus.  Despite the removal of this volume (8.5% of 

the total culture), rate-of-change values for the planktonic communities in the main vessel 

remained below the gel-defined cut-off threshold, only fluctuating on average between 2.5% and 

3.8% for all chemostat runs throughout the experimentation period.  Species band richness, 

Shannon diversity and Shannon equitability indices also remained stable (S ± 0.50-0.89, H’ ± 

0.01-0.04, EH’ ± 0.01) during the course of biofilm capture experiments for all chemostat runs  
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Figure 3.1 16S-DGGE analysis of planktonic communities derived from donor A, DEC and 

MET-1 chemostat runs.  a) Plot of community band richness.  b) Plot of Shannon’s diversity 

index.  c) Plot of Shannon’s equitability index. d) Plot of moving window correlation analysis 

illustrating the rate-of-change values.  Gel-specific rate-of-change cut-off thresholds were 

removed to simplify plots. 
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(Figure 3.1a-c), suggesting that the biofilm experiments themselves did not interfere with the 

community dynamics of the main vessels. 

Sequencing data targeting the 16S rRNA V6 gene region demonstrated that the DEC and 

MET-1 inocula communities were only 45.2% and 43.3% similar to the donor A fecal inoculum 

community, respectively.  However, upon reaching steady state the DEC and MET-1 samples 

were an average of 94.1% and 86.6% similar to the donor A steady state community, 

respectively.  This was reinforced by PCA data, which grouped donor A and DEC steady state 

community samples closer together than donor A and MET-1 steady state community samples 

(Figure 3.2).  The DEC and MET-1 inocula communities were 94.8% similar and were an 

average of 88.4% similar once steady state was attained.  

As expected, and as assessed using sequencing data, the compositions of donor A, DEC 

and MET-1 inocula and steady state communities also differed.  The donor A steady state 

community was enriched in the bacterial families Bacteroidaceae, Porphyromonadaceae, 

Rikenellaceae, Verrucomicrobiaceae, Acidaminococcaceae and Veillonellaceae when compared 

to the inoculum (Table 3.1 and Figure 3.3).  The DEC steady state defined community was 

similarly enriched in Bacteroides (Bacteroidaceae) and Acidaminococcus (Acidaminococcaceae) 

and the MET-1 steady state defined community was enriched in Bacteroides (Bacteroidaceae), 

Acidaminococcus (Acidaminococcaceae) and Akkermansia (Verrucomicrobiaceae), both when 

compared to the inoculum (Table 3.1 and Figure 3.3). 
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Figure 3.2 PCA of 16S rRNA gene sequencing data of donor A, DEC and MET-1-derived 

planktonic community inocula (Day 0) and steady state samples.  Steady state planktonic 

samples were from each day in which a biofilm capture experiment was conducted following the 

initiation of the experimentation period (Donor A = Day 37, DEC = Day 12, MET-1 = Day 8). 
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Table 3.1 The relative abundance of bacterial families that are statistically higher in either inocula or steady state community samples 

based on 16S rRNA gene sequencing data.  Those numbers highlighted in green have a higher (average) relative abundance than either 

their inoculum or steady state counterpart. 

Community 
Bacterial Genus and/or 

Family 

Relative Abundance 

(Inoculum) 

Average Relative 

Abundance (Steady 

State) 

Standard 

Deviation 
P-value 

A 

Bifidobacteriaceae 0.13 0.00005 0.00001 <0.0001 

Porphyromonadaceae 0.002 0.02 0.001 0.0004 

Rikenellaceae 0.0002 0.007 0.0005 0.0009 

Bacteroidaceae 0.06 0.49 0.02 0.0004 

Hyphomicrobiaceae 0.007 0.0002 0.0001 <0.0001 

Enterobacteriaceae 0.03 0.007 0.003 0.007 

Verrucomicrobiaceae 0.0002 0.11 0.006 0.0005 

Streptococcaceae 0.004 0.00005 0.00002 <0.0001 

Lachnospiraceae 0.21 0.05 0.03 0.01 

Ruminococcaceae 0.07 0.03 0.004 0.004 

Acidaminococcaceae 0.001 0.01 0.001 0.01 

Veillonellaceae 0.001 0.03 0.002 0.002 

      

DEC 

Lactobacillus 

(Lactobacillaceae) 
0.03 0.000005 0.000005 <0.0001 

Streptococcus 

(Streptococcaceae) 
0.003 0.00005 0.00004 <0.0001 

Eubacterium 

(Eubacteriaceae) 
0.16 0.05 0.005 0.0002 

Blautia (Lachnospiraceae) 0.11 0.004 0.002 <0.0001 

Clostridium 

(Lachnospiraceae & 

Erysipelotrichaceae) 

0.03 0.13 0.02 0.02 

Coprococcus 

(Lachnospiraceae) 
0.04 0.005 0.003 0.004 
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Community 
Bacterial Genus and/or 

Family 

Relative Abundance 

(Inoculum) 

Average Relative 

Abundance (Steady 

State) 

Standard 

Deviation 
P-value 

DEC 

Dorea  

(Lachnospiraceae) 
0.06 0.01 0.005 0.003 

Lachnospira 

(Lachnospiraceae) 
0.004 0.0005 0.0005 0.01 

Roseburia 

(Lachnospiraceae) 
0.05 0.001 0.001 <0.0001 

Faecalibacterium 

(Ruminococcaceae) 
0.001 0.00001 0.00001 <0.0001 

Acidaminococcus 

(Acidaminococcaceae) 
0.0004 0.03 0.003 0.005 

Escherichia 

(Enterobacteriaceae) 
0.11 0.01 0.0006 <0.0001 

Raoultella 

(Enterobacteriaceae) 
0.12 0.001 0.0006 <0.0001 

Bifidobacterium 

(Bifidobacteriaceae) 
0.12 0.001 0.0005 <0.0001 

Bacteroides 

(Bacteroidaceae) 
0.14 0.73 0.02 0.0001 

Parabacteroides 

(Porphyromonadaceae) 
0.03 0.007 0.0009 0.0001 

      

MET-1 

Lactobacillus 

(Lactobacillaceae) 
0.03 0.00001 0.000006 <0.0001 

Streptococcus 

(Streptococcaceae) 
0.02 0.000008 0.000006 <0.0001 

Blautia  

(Lachnospiraceae) 
0.18 0.0008 0.0009 <0.0001 

Dorea (Lachnospiraceae) 0.07 0.005 0.0004 <0.0001 

Roseburia 

(Lachnospiraceae) 
0.07 0.01 0.01 0.02 
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Community 
Bacterial Genus and/or 

Family 

Relative Abundance 

(Inoculum) 

Average Relative 

Abundance (Steady 

State) 

Standard 

Deviation 
P-value 

MET-1 

Clostridium 

(Erysipelotrichaceae) 
0.001 0.0001 0.00006 0.0008 

Acidaminococcus 

(Acidaminococcaceae) 
0.01 0.02 0.001 0.02 

Raoultella 

(Enterobacteriaceae) 
0.11 0.002 0.0003 <0.0001 

Bifidobacterium 

(Bifidobacteriaceae) 
0.10 0.002 0.0006 <0.0001 

Collinsella 

(Coriobacteriaceae) 
0.00004 0.000006 0.000006 0.02 

Bacteroides 

(Bacteroidaceae) 
0.08 0.48 0.05 0.005 

Butyricicoccus 

(Clostridiaceae) 
0.00005 0.000005 0.000007 0.01 

Akkermansia 

(Verrucomicrobiaceae) 
0.007 0.15 0.008 0.004 
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Figure 3.3 The relative abundance (in %) of bacterial families in the planktonic communities derived from donor A, DEC and MET-1 

inocula (Day 0) and steady state (averaged profiles) samples as determined from 16S rRNA gene sequencing data.
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3.2.2 Demonstrating the reliability of the mucin conditioning film    

 Samples were collected from each batch of spent LS174T cell medium in order to test for 

reproducibility, and SDS-PAGE gels (Appendix A.4) were run for spent media batches used in 

every series of biofilm capture experiments.  The results illustrated that the number of bands 

produced was similar for the first LS174T cell passage in different batches of spent media within 

the same series of biofilm capture experiments.  Furthermore, the number of bands was also 

similar for spent media samples collected from biofilm capture experiments conducted during 

different chemostat runs (Figure 3.4). 

 A periodic acid-Schiff stain (Appendix A.5) was used to test for the presence of the 

mucin conditioning film on silicone tubing sampling sections.  The periodic acid-Schiff stain is 

used in histology to detect the presence of polysaccharides (e.g. glycogen) and mucosubstances 

(e.g. mucin, glycoproteins and glycolipids), where the periodic acid oxidizes adjacent carbon 

bonds, resulting in aldehyde groups that react with the basic fuchsin in the Schiff’s reagent to 

turn pink.  Upon treatment with the periodic acid-Schiff stain, sampling sections conditioned 

with spent LS174T medium stained pink, indicating the presence of mucin, while unconditioned, 

control sections showed no change in colour (Figure 3.5).  Upon examination of stained 

sampling sections with a dissecting microscope, pink globular residue was visible at 50X 

magnification (Figure 3.6).  Examination of control tubing sections revealed no globular residue.   

A time course experiment was conducted to determine the persistence of the spent 

LS174T medium conditioning film in the presence of shear forces experienced during a typical 

biofilm capture experiment.  A 1X PBS solution was set to flow over spent LS174T medium-

conditioned and unconditioned tubing controls at a rate of 400 mL/day (16.7 mL/hour).  After 1- 
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Figure 3.4 An SDS-PAGE gel illustrating the reproducibility of products in spent LS174T 

medium.  Shown are representative samples of batches used for the same series of biofilm 

capture experiments within one chemostat run (lanes b and c), as well as batches used for capture 

experiments during different chemostat runs (lanes b-e). 

 

 

 

 

 

 

 

 

 

 

 

Lane a – Protein ladder (7-175 kDa) 

Lane b – Donor A, for spent LS174T medium-coated tubing, batch #1 

Lane c – Donor A, for spent LS174T medium & sIgA-coated tubing, batch #2 

Lane d – DEC, for spent LS174T medium-coated tubing, batch #1 

Lane e – MET-1, for spent LS174T medium-coated tubing, batch #1 

Lane f – Unused LS174T medium 
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Figure 3.5 Periodic acid-Schiff stain was applied to sample sections of tubing conditioned with 

spent LS174T medium and untreated silicone tubing controls.  The untreated silicone tubing 

controls remained colourless (a), however those sample sections conditioned with spent LS174T 

medium followed by a wash with 1X PBS turned pink, indicating the presence of mucin (b). 
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Figure 3.6 Images a and b illustrate the typical fields-of-view of periodic acid-Schiff stained 

spent LS174T medium-conditioned tubing sampling sections.  Images were taken of the stained 

inner face of the tubing using a dissecting microscope at 50X magnification.  Arrows highlight 

the presence of globular residues that stained pink, indicating the presence of mucin. 

 

 

 

 



80 
 

hour, the tubing conditioned with spent LS174T medium turned pink with the application of 

periodic acid-Schiff stain compared to unconditioned controls, which remained clear (Figure 

3.7a).  However, by the 2-hour time point, neither conditioned nor unconditioned tubing sections 

stained pink on application of peridodic acid-Schiff stain, indicating that shear forces created by 

the flow had dislodged adherent mucin (Figure 3.7b). 

 

3.2.3 The development of primary colonizer biofilm profiles on different substrates for donor 

A, DEC and MET-1 communities  

 16S-DGGE was used to compare the community profiles of biofilm capture experiments 

seeded from donor A, DEC and MET-1 communities in the presence of different substrates.  

Using the Syngene GeneTools software package as above, %SI correlation coefficient values 

were generated between the 16S-DGGE profiles of each sample.  At the 1-hour time point, donor 

A, DEC and MET-1 communities revealed a difference in community profiles (the %SI values 

were ≥5% below the gel-defined cut-off point) when substrate-treated and untreated flow 

experiments were compared. When the substrate used was sIgA-coated beads, the treatment 

profiles differed from control profiles by a range of 5.4-41.9% (uncoated beads) and 29.7-43.0% 

(no beads).  When the substrate was spent LS174T medium-conditioned tubing, profiles differed 

from unconditioned controls by 5.3-8.9%.  When the substrate was additive (spent LS174T 

medium and sIgA-coated beads) profiles differed from uncoated bead control profiles by 5.7-

41.3%.  Additionally, control community profiles also tended to differ from one another: 

untreated silicone tubing samples diverged from samples of untreated tubing containing uncoated 

beads by 23.4-50.9%, below the gel-defined cut-off point.  In general, the %SI values obtained 
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Figure 3.7 Examination of the persistence of the spent LS174T conditioning film. After 1 hour, 

the tubing conditioned with spent LS174T medium stained pink, indicating the presence of 

mucin (a).  However after 2 hours, the tubing failed to stain pink when treated with a periodic 

acid-Schiff stain (b).  Conditioned tubing was drained and washed with 1X PBS prior to staining. 
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when comparing untreated control tubing to tubing conditioned with unused LS174T medium 

fell above or within 5% below the gel-defined cut-off threshold, suggesting that the LS174T 

medium itself had no impact on biofilm formation.  In contrast, for samples from the donor A 

community, profiles for lines conditioned with unused LS174T medium fell below the gel-

defined cut-off threshold by 12.5%, indicating that in some cases the LS174T medium had an 

impact on biofilm formation (see Tables 3.2, 3.3 and 3.4 for a summary of %SI values). 

The differences amongst donor A, DEC and MET-1 substrate treatment and control 

biofilm community profiles at the 1-hour time point were further dissected by comparing the 

16S-DGGE-generated banding patterns.  Profiles for sIgA-coated bead treatments profiles 

contained between 3 & 5 unique bands compared to the uncoated bead and untreated tubing 

control profiles.  Among the tested communities, there were no unique bands for the uncoated 

bead control profiles; rather, these profiles shared bands with either the sIgA-coated bead profile 

or the untreated silicone control profile.  The latter of these control profiles possessed between 3 

& 9 unique bands when compared to the profiles for sIgA and uncoated beads, for all 

communities studied.   

In contrast to the sIgA biofilm capture experiments, there were no unique bands when 

comparing all other control profiles to their corresponding substrate treatment profiles.  However 

the profiles obtained from tubing conditioned with spent LS174T media had between 2 & 7 

unique bands compared to controls.  Additionally, the profiles from tubing conditioned with 

spent LS174T medium, and also containing sIgA-coated beads, gave rise to between 3 & 6 

unique bands compared to controls (Figures 3.8-3.10).  These data were reinforced by 

sequencing results which showed that the vast majority of bacterial families in donor A, DEC 

and MET-1 communities had a higher or equivalent average relative abundance when sourced 
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Table 3.2 Donor A %SI correlation coefficients for all biofilm capture experiment treatments and controls.  The %SI values were 

averaged for each capture experiment duplicate.  Values in bold fell at least 5% below the gel-defined cut-off threshold. 

Biofilm 

Capture 

Experiment 

Comparison 1h 2h 3h 4h 
1h and 

2h 

2h and 

3h 

3h and 

4h 

4h and 

1h 

Gel-

defined 

cut-off 

LS174T* 

LS174T vs. 

Control** 
80.8 88.2 86.6 82.7     

89.7 LS174T     85.1 70.2 77.6 86.4 

Control     82.8 80.4 88.0 83.0 

sIgA-

coated† 

sIgA-coated 

vs. 

Uncoated†† 
31.3 59.1 78.7 81.4     

73.2 

sIgA-coated 

vs. Control 
43.5 55.3 80.4 47.4     

Uncoated vs. 

Control 
22.3 82.2 67.0 45.4     

 

sIgA-coated 

 

    56.1 74.1 77.3 25.8 

 

Uncoated 

 

    29.1 67.6 67.1 22.6 

 

Control 

 

    89.1 86.2 89.9 76.9 

LS174T & 

sIgA-coated  

LS174T & 

sIgA-coated 

vs. Uncoated 

& Control 

89.4 84.1 62.3 70.3     95.4 
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Biofilm 

Capture 

Experiment 

Comparison 1h 2h 3h 4h 
1h and 

2h 

2h and 

3h 

3h and 

4h 

4h and 

1h 

Gel-

defined 

cut-off 

LS174T & 

sIgA-coated 

LS174T & 

sIgA-coated 
    82.4 74.8 87.8 81.2 

95.4 
Uncoated & 

Control 
    83.1 62.8 61.5 60.2 

Medium‡ 

Medium vs. 

Control 
76.9 72.2 87.9 86.5     

89.3 

 

Medium 

 

    78.5 90.7 84.7 72.7 

 

Control 

 

    72.6 76.2 77.2 79.0 

*Early colonizer communities cultured on spent LS174T media-conditioned sample sections 

**Early colonizer communities cultured on silicone sample sections 

†Early colonizer communities cultured on sIgA-coated Turbobeads 

††Early colonizer communities cultured on uncoated Turbobeads 

‡Early colonizer communities cultured on unused LS174T medium sample sections 
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Table 3.3 DEC %SI correlation coefficients for all biofilm capture experiment treatments and controls.  The %SI values were 

averaged for each capture experiment duplicate.  Values in bold fell at least 5% below the gel-defined cut-off threshold. 

Biofilm 

Capture 

Experiment 

Comparison 1h 2h 3h 4h 
1h and 

2h 

2h and 

3h 

3h and 

4h 

4h and 

1h 

Gel-

defined 

cut-off 

LS174T* 

LS174T vs. 

Control** 
85.7 94.8 96.5 84.6     

91.0 LS174T     71.8 95.7 94.2 68.9 

Control     94.6 94.1 81.6 65.0 

sIgA-

coated† 

sIgA-coated 

vs. 

Uncoated†† 
62.5 54.0 54.4 85.5     

79.0 

sIgA-coated 

vs. Control 
55.2 31.8 43.2 29.4     

Uncoated vs. 

Control 
55.6 23.7 45.4 32.4     

 

sIgA-coated 

 

    64.0 51.9 59.6 46.3 

 

Uncoated 

 

    50.9 61.3 39.1 20.3 

 

Control 

 

    56.8 68.7 78.0 89.5 

LS174T & 

sIgA-coated  

LS174T & 

sIgA-coated 

vs. Uncoated 

& Control 

86.1 97.8 94.6 93.9     91.9 
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Biofilm 

Capture 

Experiment 

Comparison 1h 2h 3h 4h 
1h and 

2h 

2h and 

3h 

3h and 

4h 

4h and 

1h 

Gel-

defined 

cut-off 

LS174T & 

sIgA-coated 

LS174T & 

sIgA-coated 
    85.6 85.3 75.8 76.7 

91.9 
Uncoated & 

Control 
    90.3 96.5 83.9 76.0 

Medium‡ 

Medium vs. 

Control 

 

93.0 

 

 

94.9 

 

 

96.1 

 

 

68.6 

 

    

84.9 

 

Medium 

 

    92.0 91.5 78.6 69.4 

 

Control 

 

    92.1 91.9 85.9 76.9 

*Early colonizer communities cultured on spent LS174T media-conditioned sample sections 

**Early colonizer communities cultured on silicone sample sections 

†Early colonizer communities cultured on sIgA-coated Turbobeads 

††Early colonizer communities cultured on uncoated Turbobeads 

‡Early colonizer communities cultured on unused LS174T medium sample sections 
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Table 3.4 MET-1 %SI correlation coefficients for all biofilm capture experiment treatments and controls.  The %SI values were 

averaged for each capture experiment duplicate.  Values in bold fell at least 5% below the gel-defined cut-off threshold. 

Biofilm 

Capture 

Experiment 

Comparison 1h 2h 3h 4h 
1h and 

2h 

2h and 

3h 

3h and 

4h 

4h and 

1h 

Gel-

defined 

cut-off 

LS174T* 

LS174T vs. 

Control** 
67.7 58.3 95.3 94.6     

73.7 LS174T     78.4 98.4 91.7 82.0 

Control     22.6 54.1 93.9 64.4 

sIgA-

coated† 

sIgA-coated 

vs. 

Uncoated†† 
79.8 83.3 96.5 81.0     

85.2 

sIgA-coated 

vs. Control 
45.2 50.1 81.3 58.9     

Uncoated vs. 

Control 
58.6 79.8 79.7 66.5     

 

sIgA-coated 

 

    79.4 93.3 74.5 68.9 

 

Uncoated 

 

    82.4 85.0 92.3 93.0 

 

Control 

 

    95.1 89.3 90.1 89.6 

LS174T & 

sIgA-coated  

LS174T & 

sIgA-coated 

vs. Uncoated 

& Control 

43.2 33.8 92.7 70.6     84.5 
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Biofilm 

Capture 

Experiment 

Comparison 1h 2h 3h 4h 
1h and 

2h 

2h and 

3h 

3h and 

4h 

4h and 

1h 

Gel-

defined 

cut-off 

LS174T & 

sIgA-coated 

LS174T & 

sIgA-coated 
    29.8 34.3 92.0 58.9 

84.5 
Uncoated & 

Control 
    64.8 94.7 64.9 39.9 

Medium‡ 

Medium vs. 

Control 
96.0 88.0 94.4 93.0     

75.9 

 

Medium 

 

    88.3 92.8 98.6 95.7 

 

Control 

 

    94.1 94.4 90.6 91.3 

*Early colonizer communities cultured on spent LS174T media-conditioned sample sections 

**Early colonizer communities cultured on silicone sample sections 

†Early colonizer communities cultured on sIgA-coated Turbobeads 

††Early colonizer communities cultured on uncoated Turbobeads 

‡Early colonizer communities cultured on unused LS174T medium sample sections 
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Figure 3.8 16S-DGGE profiles of donor A feces-derived community biofilm capture 

experiments at 1-hour time points.  Depicted are substrate treatments grouped with their 

respective controls.  Bands that are unique to a community profile compared to at least one of the 

others in each grouping are highlighted in yellow. 

 

 

 

 

 

Lane a – sIgA-coated beads 

Lane b – uncoated bead control 

Lane c – silicone control 

 

Lane d – spent LS174T medium 

Lane e – silicone control 

 

Lane f – spent LS174T medium &  

               sIgA-coated beads 

Lane g – uncoated bead & silicone   

               controls 

 

Lane h – unused LS174T medium 

Lane i – silicone control  
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Figure 3.9 16S-DGGE profiles of DEC-derived community biofilm capture experiments at 1- 

hour time points.  Depicted are substrate treatments grouped with their respective controls.  

Bands that are unique to a community profile compared to at least one of the others in each 

grouping are highlighted in yellow. 

 

 

 

 

 

 

Lane a – sIgA-coated beads 

Lane b – uncoated bead control 

Lane c – silicone control 

 

Lane d – spent LS174T medium 

Lane e – silicone control 

 

Lane f – spent LS174T medium &  

               sIgA-coated beads 

Lane g – uncoated bead & silicone   

               controls 

 

Lane h – unused LS174T medium 

Lane i – silicone control  
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Figure 3.10 16S-DGGE profiles of MET-1-derived community biofilm capture experiments at 

1-hour time points.  Depicted are substrate treatments grouped with their respective controls.  

Bands that are unique to a community profile compared to at least one of the others in each 

grouping are highlighted in yellow

Lane a – sIgA-coated beads 

Lane b – uncoated bead control 

Lane c – silicone control 

 

Lane d – spent LS174T medium 

Lane e – silicone control 

 

Lane f – spent LS174T medium &  

               sIgA-coated beads 

Lane g – uncoated bead & silicone   

               controls 

 

Lane h – unused LS174T medium 

Lane i – silicone control  
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from substrate-conditioned tubing lines compared to controls (Table 3.5).  Average Shannon 

diversity and equitability indices were calculated; the results of this calculation demonstrated that 

the planktonic community for all chemostat runs was more diverse and even than either of the 

substrate treatment or control biofilm communities (Table 3.6).     

By the 2-hour time point (and confirmed in the 3 and 4-hour time points), the %SI values 

for donor A, DEC and MET-1 were highly variable in comparison to the 1-hour time point, with 

%SI values fluctuating above and below their respective gel-defined cut-off points.  For 

example, when comparing the donor A community profiles for tubing conditioned with spent 

LS174T medium and unconditioned controls, the %SI at the 2 and 3-hour time points were above 

the 5% gel-defined cut-off point and fell again at the 4-hour time point to 8.9% below the cut-off 

(Table 3.2).  This type of pattern was also observed for DEC and MET-1 biofilm communities, 

suggesting that biofilms might be developing and/or detaching between time points (Tables 3.3 

and 3.4).   

The %SI values obtained from various time points between individual treatments or 

controls were also compared.  For example, when comparing the 1 & 2-hour, 2 & 3-hour and 4 

& 1-hour MET-1 community profiles that developed on tubing treated with spent LS174T 

medium and sIgA-coated beads, %SI values were 54.7%, 50.3% and 26.0% below the cut-off, 

respectively.  The %SI value comparing the 3 & 4-hour time points fell 7.45% above the cut-off 

(Table 3.4).  This type of pattern was the same for experiments seeded with donor A and DEC 

biofilm communities, where %SI values fluctuated above and below the gel-defined cut-off 

threshold (Tables 3.2 and 3.3).  Similar to those experiments that compared substrate treatment 

and control biofilms at 2, 3 and 4-hour time points, it is possible that the model was capturing 

periods of biofilm development and/or detachment between time points. 
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Table 3.5 The relative abundance of bacterial families in substrate treatment and control 1-hour biofilm samples based on 16S rRNA 

gene sequencing data.  Those numbers in green had a higher average relative abundance in the substrate treatment samples than in the 

controls and those numbers in red had a higher average relative abundance in the controls than in the substrate treatment samples. 

Community 
Bacterial Genus and/or 

Family 

Average Relative Abundance 

(Treatments) 

Average Relative Abundance 

(Controls) 

A 

Bifidobacteriaceae 0.00006 0.00004 

Coriobacteriaceae 0.00002 0.00002 

Porphyromonadaceae 0.015 0.017 

Prevotellaceae 0.0005 0.0002 

Rikenellaceae 0.004 0.003 

Bacteroidaceae 0.34 0.29 

Hyphomicrobiaceae 0.0003 0.0001 

Enterobacteriaceae 0.013 0.012 

Gammaproteobacteria 

 incertae sedis 
0.025 0.022 

Pseudomonadaceae 0.0017 0.0011 

Verrucomicrobiaceae 0.040 0.038 

Bacillaceae 0.004 0.003 

Lactobacillaceae 0.0006 0.0005 

Streptococcaceae 0.015 0.011 

Lachnospiraceae 0.040 0.039 

Ruminococcaceae 0.022 0.018 

Acidaminococcaceae 0.008 0.007 

Veillonellaceae 0.012 0.013 

    

DEC 

Lactobacillus 

(Lactobacillaceae) 
0.00005 0.000005 

Streptococcus 

(Streptococcaceae) 
0.02 0.008 

Eubacterium (Eubacteriaceae) 0.030 0.027 

Blautia (Lachnospiraceae) 0.0018 0.0016 
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Community 
Bacterial Genus and/or 

Family 

Average Relative Abundance 

(Treatments) 

Average Relative Abundance 

(Controls) 

DEC 

Clostridium (Lachnospiraceae 

& Erysipelotrichaceae) 
0.087 0.083 

Coprococcus 

(Lachnospiraceae) 
0.003 0.004 

Dorea (Lachnospiraceae) 0.012 0.010 

Lachnospira (Lachnospiraceae) 0.00030 0.00034 

Roseburia (Lachnospiraceae) 0.0011 0.0011 

Faecalibacterium 

(Ruminococcaceae) 
0.0002 0.00003 

Flavonifractor 

(Ruminococcaceae) 
0.003 0.003 

Gemmiger (Ruminococcaceae) 0.014 0.013 

Acidaminococcus 

(Acidaminococcaceae) 
0.02 0.01 

Escherichia 

(Enterobacteriaceae) 
0.04 0.01 

Raoultella (Enterobacteriaceae) 0.007 0.003 

Bifidobacterium 

(Bifidobacteriaceae) 
0.0009 0.0005 

Collinsella (Coriobacteriaceae) 0.00001 0.000001 

Atopobium (Coriobacteriaceae) 0.00001 0.0000001 

Bacteroides (Bacteroidaceae) 0.75 0.72 

Parabacteroides 

(Porphyromonadaceae) 
0.008 0.007 

    

MET-1 

Lactobacillus 

(Lactobacillaceae) 
0.00007 0.00002 

Streptococcus 

(Streptococcaceae) 
0.0003 0.00003 

Eubacterium (Eubacteriaceae) 0.08 0.07 

Blautia (Lachnospiraceae) 0.00070 0.00068 



95 
 

Community 
Bacterial Genus and/or 

Family 

Average Relative Abundance 

(Treatments) 

Average Relative Abundance 

(Controls) 

MET-1 

Dorea (Lachnospiraceae) 0.007 0.006 

Lachnospira (Lachnospiraceae) 0.012 0.010 

Roseburia (Lachnospiraceae) 0.010 0.015 

Clostridium 

(Erysipelotrichaceae) 
0.00004 0.00003 

Faecalibacterium 

(Ruminococcaceae) 
0.05 0.03 

Acidaminococcus 

(Acidaminococcaceae) 
0.02 0.02 

Escherichia 

(Enterobacteriaceae) 
0.23 0.11 

Raoultella (Enterobacteriaceae) 0.04 0.02 

Bifidobacterium 

(Bifidobacteriaceae) 
0.008 0.006 

Collinsella (Coriobacteriaceae) 0.00004 0.00003 

Bacteroides (Bacteroidaceae) 0.28 0.26 

Parabacteroides 

(Porphyromonadaceae) 
0.15 0.12 

Akkermansia 

(Verrucomicrobiaceae) 
0.10 0.09 
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Table 3.6 Average Shannon diversity and equitability indices for donor A, DEC and MET-1 planktonic (steady state) and 1-hour 

biofilm (substrate treatment and control) communities as determined from 16S rRNA gene sequencing results.  Steady state planktonic 

samples were from each day in which a biofilm capture experiment was conducted. 

 

Community 

 

Type of Community H’ EH’ 

A 

Planktonic – Steady State 4.85 0.56 

Biofilm – Treatment 4.45 0.51 

Biofilm – Control 4.26 0.49 

    

DEC 

Planktonic – Steady State 4.32 0.50 

Biofilm – Treatment 3.85 0.44 

Biofilm – Control 3.60 0.41 

    

MET-1 

Planktonic – Steady State 4.26 0.49 

Biofilm – Treatment 3.98 0.46 

Biofilm – Control 3.62 0.42 
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3.2.4 Sequencing of 1-hour time point samples from donor A, DEC and MET-1 primary 

colonizer biofilms (substrate treatments and controls)  

 Donor A, DEC and MET-1 primary colonizer biofilms (both substrate treatment and 

control 1 hour time points) and planktonic communities were sequenced using the Illumina 

MiSeq platform.  Sequencing data revealed that donor A, DEC and MET-1 planktonic steady 

state communities were only an average of 75.3%, 81.7% and 74.7% similar to their respective 

biofilm communities.  Biofilm communities were also less diverse and even (Table 3.6), while 

PCA illustrated the planktonic steady state communities of donor A, DEC and MET-1 as 

grouping adjacent to their respective biofilm communities (Figure 3.11).  Sequencing also 

revealed a multitude of bacterial families/genera that were significantly higher (P < 0.05) in 

primary colonizer biofilm communities (both substrate treatments and controls) than in their 

planktonic counterparts.  Donor A primary colonizer biofilms were enriched in the bacterial 

families Enterobacteriaceae (P = 0.04), Gammaproteobacteria incertae sedis (P = 0.04), 

Streptococcaceae (P = 0.002), Lactobacillaceae (P = 0.0007), Prevotellaceae (P = 0.02) and 

Pseudomonadaceae (P = 0.0003) (Table 3.7).  DEC primary colonizer biofilms were also 

enriched in Enterobacteriaceae (Escherichia, P = 0.049; Raoultella, P = 0.01) and 

Streptococcaceae (Streptococcus, P = 0.03).  However, the Bacteroidaceae (Bacteroides, P = 

0.007) and Ruminococcaceae (Faecalibacterium, P = 0.04) were also significant in DEC primary 

colonizer communities (Table 3.7).  Similar to donor A and DEC, the MET-1 primary colonizer 

biofilms were enriched in the bacterial families Enterobacteriaceae (Escherichia, P = 0.01; 

Raoultella, P = 0.01) and Streptococcaceae (Streptococcus, P = 0.03).  MET-1 primary colonizer 

communities were also enriched in Porphyromonadaceae (Parabacteroides, P = 0.003) and 

Ruminococcaceae (Faecalibacterium, P = 0.01) (Table 3.7).  Correlation coefficients generated 
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from the sequencing data also showed that donor A substrate treatment and control biofilm 

communities were an average (n = 18) of 97.4% similar to the DEC biofilm communities and 

86.3% similar to the MET-1 biofilm communities.  PCA data demonstrated the same trend, 

where the substrate treatment and control primary colonizer biofilm samples of donor A and 

DEC grouped closer together than those of donor A and MET-1 (Figure 3.11). 

 In contrast to families/genera enriched in biofilm communities compared to planktonic 

communities, there were some bacterial families/genera that were significantly higher in the 

planktonic communities of donor A, DEC and MET-1 than in the primary colonizer biofilm 

communities.  The donor A planktonic community was enriched in Rikenellaceae (P = 0.0007), 

Verrucomicrobiaceae (P = 0.006), Veillonellaceae (P = <0.0001), Bacteroidaceae (P = 0.002), 

Porphyromonadaceae (P = 0.001) and Acidaminococcaceae (P = 0.03) families (Appendix B, 

Table B.4).  The DEC planktonic community was enriched in Eubacteriaceae (Eubacterium, P = 

0.001), Lachnospiraceae (Clostridium, P = 0.007), Ruminococcaceae (Flavonifractor, P = 0.02) 

and Acidaminococcaceae (Acidaminococcus, P = 0.01) (Appendix B, Table B.4).  The MET-1 

planktonic community was only enriched in Eubacteriaceae (Eubacterium, P = 0.0004) 

(Appendix B, Table B.4).  Donor A primary colonizer biofilms and planktonic communities were 

also enriched in unclassified bacterial families.  There were three significant unclassified OTUs 

at the family level in either planktonic or biofilm communities, representative of three different 

classes; Gammaproteobacteria, Bacilli and Clostridia. 
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Figure 3.11 PCA of 16S rRNA gene sequencing data from communities derived from donor A, 

DEC and MET-1 at 1-hour on different substrates.  Shown are the primary colonizer biofilm 

samples and the corresponding planktonic communities from which they were derived.  Steady 

state planktonic samples are from each day in which a biofilm capture experiment was conducted 

following the initiation of the experimentation period (Donor A = Day 37, DEC = Day 12, MET-

1 = Day 8).
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Table 3.7 The bacterial families (by community group) found to be significantly higher (P < 0.05) in 1-hour biofilm (substrate 

treatment and control) samples than in their planktonic counterparts based on 16S rRNA gene sequencing data. 

Community 
Bacterial Genus and/or 

Family 
P-value 

Average Relative 

Abundance 
Standard Deviation 

A 

Enterobacteriaceae 0.04 0.01 0.01 

Gammaproteobacteria 

incertae sedis 
0.04 0.03 0.05 

Streptococcaceae 0.002 0.01 0.01 

Lactobacillaceae 0.0007 0.0006 0.0006 

Prevotellaceae 0.02 0.0003 0.0004 

Pseudomonadaceae 0.0003 0.001 0.001 

     

DEC 

Escherichia 

(Enterobacteriaceae) 
0.049 0.04 0.03 

Raoultella 

(Enterobacteriaceae) 
0.01 0.005 0.005 

Streptococcus 

(Streptococcaceae) 
0.03 0.02 0.01 

Bacteroides 

(Bacteroidaceae) 
0.007 0.78 0.06 

Faecalibacterium 

(Ruminococcaceae) 
0.04 0.0002 0.0003 

     

MET-1 

Escherichia 

(Enterobacteriaceae) 
0.01 0.15 0.20 

Raoultella 

(Enterobacteriaceae) 
0.01 0.03 0.03 

Streptococcus 

(Streptococcaceae) 
0.03 0.0002 0.0002 

Parabacteroides 

(Porphyromonadaceae) 
0.003 0.13 0.07 
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Community 
Bacterial Genus and/or 

Family 
P-value 

Average Relative 

Abundance 
Standard Deviation 

MET-1 
Faecalibacterium 

(Ruminococcaceae) 
0.01 0.04 0.02 
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3.3 Discussion: 

 The aim of this study was to modify an in vitro single-stage chemostat model to 

successfully capture and sample healthy human primary colonizers of biofilm communities 

associated with the distal gut.  The first step in accomplishing this aim was to ensure that the 

chemostat-grown community could reach and maintain a steady state.  16S-DGGE was coupled 

with 16S rRNA gene sequencing to elucidate information about the microbial community 

dynamics of planktonic chemostat cultures. Chemostats containing donor A, DEC and MET-1 

communities reached steady state by days 26, 12 and 6 post-inoculum, respectively.  Defined 

communities reached steady state faster than the fecal-sourced community because they are less 

diverse and therefore require less time to establish an ecosystem hierarchy and inter-microbe 

associations in a new environment (225).  Communities were also shown to maintain steady state 

throughout the course of the biofilm capture experiments, as evidenced by rate-of-change values 

that remained below the gel-defined cut-off threshold and S, H’ and EH’ values that were stable.  

Stability was maintained even with the removal of 8.5% of culture per day from the vessel (4 mL 

for daily sampling of the planktonic community and ~30 mL to prime the biofilm capture 

experiments).   

A chemostat model cannot exactly reproduce the human distal gut in vitro, especially 

since chemostats are, by definition, simplified systems.  Rather, our chemostat model is capable 

of culturing stable, diverse communities that are representative of the distal gut and are suitable 

for replicated experimentation (183).  Hence there were several bacterial families in donor A, 

DEC and MET-1 that were enriched in the steady state community compared to the inoculum, in 

particular members of the Bacteroidetes.  This finding has been previously seen using our model 

system with a variety of different donor inocula, and it is consistent with findings using other 
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human gut models (19, 183, 203).  Indeed, this ecosystem bias is not limited to chemostat 

models; a shift towards members of the Bacteroidetes has been observed in in vivo rodent models 

seeded with human feces and was dependent upon diet and the specific experimental rodent line 

used (226, 227).  Although it is the ultimate goal of in vitro gut models such as the chemostat to 

replicate the gut environment as closely as possible, certain biological factors that could 

influence microbial community composition are lacking.  Host factors, such as secretion of 

molecules, absorption of metabolites/bacterial by-products and host immunological defenses are 

all likely to play a role in shaping the gut microbial community (181).  It is also possible that the 

transition of microbes from an in vivo to an in vitro environment could destroy sensitive 

microbial populations, or convert stressed groups into a viable but not culturable state, resulting 

in their eventual loss from the system (181, 203).     

DEC and MET-1 defined communities were used to determine the extent of community 

complexity required to culture primary colonizer biofilms representative of those obtained from a 

fecal inoculum.  However, these communities would only be relevant if they could closely model 

the steady state fecal community.  Sequencing data demonstrated that in the chemostat model the 

DEC and MET-1 steady state planktonic communities were similar to that of donor A, 94.1% 

and 86.6% similar, respectively.  DEC and MET-1 steady state communities also retained 

considerable diversity and evenness when compared to donor A (Table 3.6).  By PCA, the DEC 

steady state community grouped closer than that of MET-1 to the steady state community of 

donor A (Figure 3.2).  However, the steady state communities of donor A, DEC and MET-1 were 

all enriched in Bacteroidaceae and Acidaminococcaceae, with the Bacteroidaceae as the family 

with the highest relative abundance in all three communities (48-73% of the steady state 

community) (Table 3.1 and Figure 3.3).  Interestingly, as for donor A, the MET-1 defined 
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community was also enriched in Akkermansia (Verrucomicrobiaceae) at steady state, which was 

intriguing because this was not intentionally included in the MET-1 inoculum, and all bacterial 

isolates were streak purified and identified by 16S rRNA gene sequencing prior to their inclusion 

in the inoculum.  It is thus possible that the detected Akkermansia strain, in a viable but non-

culturable state, was associated with one or more of the isolates in MET-1.  Such an association 

may be undetectable during culture for inoculum preparation and, indeed, the Akkermansia taxon 

was present in the inoculum at a relative abundance of only 0.7% (Table 3.1). At steady state, the 

relative abundance of the Akkermansia taxon increased to 15.0%, which could have reflected a 

natural expansion of the microbe in the chemostat environment, which mimics the native niche 

and may have stimulated growth that was not possible to obtain on plates.  Regardless of the 

origin of the taxon, the inclusion of the Akkermansia strain into the MET-1 inoculum increased 

the similarity between the donor A and MET-1 steady state communities by 2.35%.  These 

results suggest that the DEC and MET-1 planktonic steady state communities represent a 

favourable model of the feces-derived donor A planktonic steady state community.      

 The second step towards successfully modifying an in vitro single-stage chemostat 

model for the capture and sampling of distal gut primary colonizers lay in testing the consistency 

and longevity of the biologically relevant substrata.  Spent medium from LS174T cells, which 

contains human mucin, was used to condition sample sections of silicone tubing.  Batches of 

spent media used in the donor A chemostat run, as well as batches used during the DEC and 

MET-1 chemostat runs, generated a similar banding pattern by SDS-PAGE (Figure 3.4), 

illustrating consistency between different batches of spent media derived from different passages 

of LS174T cells.  A periodic acid-Schiff stain was used to test for the presence of a mucin 

conditioning film, derived from spent LS174T cell medium, on the tubing surfaces.  Samples of 
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tubing sections conditioned in this way stained pink (indicative of the presence of mucin) while 

unconditioned tubing controls remained colourless (Figure 3.5).  The stained, adherent, mucin 

layer was easily visible via microscopy and time course experiments revealed that the 

conditioning film was still present after being subjected to flow (1X sterile PBS) for up to 1-

hour.  This mucin conditioning film in our model was interspersed throughout the sample section 

(Figure 3.6) which differs from the continuous multi-layered mucin that is observed in the gut 

(39).  However the mucin conditioning film should still serve as a substrate for early microbial 

colonization for long enough in our model to initiate biofilm formation.  

In addition to examining the spent LS174T medium-derived conditioning film, we also 

investigated sIgA-coated Turbobeads®.  Turbobeads® conjugated to protein A were purchased; 

protein A binds with high affinity to the Fc region of immunoglobulins of many different 

mammals (228).  In our experiments, the use of sIgA limited the accessibility of the Fc region 

because of the dimerization of the IgA molecule through binding of the secretory component.  

However, the secretory component of sIgA was still expected to allow interaction of the Fab 

region with protein A, albeit with reduced affinity (229, 230), and thus binding of sIgA to 

Turbobeads® coated with protein A was possible. 

Using 16S-DGGE to analyze biofilm capture experiments it was noted that, in some 

cases, samples of tubing conditioned with fresh (unused) LS174T medium gave different profiles 

to those of untreated control tubing samples, falling below the gel-defined cut-off point.  In 

addition, the 16S-DGGE profiles obtained for donor A, DEC and MET-1 biofilm communities 

when fresh LS174T medium was used as a substrate had unique bands in comparison to the 

untreated controls.  These findings should form the basis of future experiments since it is 

important to delineate biofilm formation on substrates originating from LS174T cells and their 
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products (e.g. mucin) from that developing on substrates originating from the cell culture 

medium alone.  In this work, since the focus was on host cell-derived substrates that could act as 

foundations for biofilm development, 16S-DGGE bands that were common to profiles obtained 

from both fresh and spent LS174T medium biofilm capture experiments were discounted.  

Unique 16S-DGGE bands were also observed in the profiles obtained from control experiments 

where uncoated Turbobeads® were used as a substrate for biofilm formation.  Although lacking 

sIgA, “uncoated” Turbobeads® are conjugated to protein A which has recently been correlated 

to biofilm formation by certain strains of Staphylococcus aureus (231-233).  It is possible that 

protein A on these uncoated beads was serving as a substrate for biofilm formation in our model.  

To allow us to focus on sIgA-influenced biofilm development, any common bands between the 

16S-DGGE profiles of sIgA-coated and uncoated bead biofilm capture experiments were 

discounted.       

The main focus of this study was to carry out time-course experiments that modeled early 

development of biofilms on biologically relevant substrata using a high-throughput and easy to 

sample platform.  In addition, we aimed to compare the primary colonizers within defined 

microbial communities to their originating fecal communities and to comment on the potential 

and relevance of creating defined, simplified biofilm communities intended for future research 

purposes.  Biofilm capture experiments demonstrated that the biofilms developed on both 

treatment and control substrates were simplified communities in comparison to their planktonic 

counterparts.  PCA of 16S rRNA gene sequencing data revealed that the biofilm communities of 

donor A, DEC and MET-1 grouped adjacent to their respective steady state planktonic 

communities and ecological indices showed they were also less diverse and even (Table 3.6 and 

Figure 3.11).  On comparing 16S-DGGE profiles for donor A, DEC and MET-1 communities at 
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the 1-hour time point, a difference was demonstrated between those biofilms captured on tubing 

treated with a substrate and those captured on unconditioned control tubing.  This finding held 

true for all three treatment types; sIgA-coated beads, spent LS174T medium and the combination 

spent LS174T medium plus sIgA-coated beads.  Substrate-treated 16S-DGGE profiles contained 

between 2 & 7 unique bands, in comparison to their control counterparts depending on the 

community and specific treatment used.  Sequencing data also revealed that for all communities 

biofilms that developed on provided substrates were more diverse (H’ = 4.09 > H’ = 3.83) and 

even (EH’ = 0.47 > EH’ = 0.44) than control biofilms that formed on unconditioned tubing.  For 

all bacterial communities tested, bacterial families/genera also tended to have a higher average 

relative abundance when biofilms were captured on substrate-treated tubing compared to 

untreated control tubing (Table 3.5).   

For all bacterial communities, the biofilm capture experiments comparing biofilms grown 

on conditioned or untreated substrata at 2, 3 and 4-hour time points were more difficult to 

interpret.  The fluctuation of %SI values both above and below the 5% gel-defined cut-off 

threshold suggested that in all cases there was variation introduced into the system through 

cycles of development and detachment past the 1-hour time point.  Because our results showed 

that by 1-hour the model had captured early biofilm development effectively, this time point 

became the focus for future analyses.  Subsequent time points may be of interest in future studies 

in biofilm development, especially emerging research that pertains to developing colonic biofilm 

structure, species composition and resilience to microbiota perturbation related to antibiotics, 

stress and disease (223). 

Focusing on the 1-hour time point, specific bacterial families/genera were identified as 

being enriched in biofilm communities compared to steady state planktonic communities.  All 
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communities were enriched in the Enterobacteriaceae (specifically Escherichia and Raoultella in 

DEC and MET-1) and Streptococcaceae (specifically Streptococcus in DEC and MET-1).  

However there were also families/genera that were unique to specific communities.  The 

Gammaproteobacteria incertae sedis, Prevotellaceae and Pseudomonadaceae families were all 

enriched when biofilms were derived from the donor A fecal community.  Members of these 

families were not included in DEC and MET-1 inocula, however, the Lactobacillaceae, which 

were enriched in biofilms derived from the donor A fecal community, were included in both 

DEC and MET-1 inocula and yet were not enriched in biofilms derived from either of these 

defined communities.  Biofilms derived from the DEC community were enriched in Bacteroides 

whereas those derived from the MET-1 community were enriched in Parabacteroides.   By PCA, 

the biofilm communities derived from the donor A community grouped close together with those 

derived from DEC and they were also, on average, more highly correlated (97.4% similar) than 

those biofilm communities derived from donor A and MET-1 (86.3% similar) (Figure 3.11).  

The steady state planktonic communities of donor A, DEC and MET-1 all contained 

bacterial families/genera that were significantly higher in comparison to the biofilm 

communities.  Whilst there were no enriched families/genera common to all three planktonic 

communities, Acidaminococcaceae (represented by Acidaminococcus sp. in the DEC 

community) was enriched in both donor A and DEC planktonic communities.  Biofilm formation 

by Acidaminococcaceae spp. has not been previously described, however these microbes have 

been noted as potentially important members of the healthy human gut microbiota (234-236).  

When comparing the planktonic communities of the two defined communities, only one genus, 

Eubacterium, was found to be consistently enriched.  In addition, several bacterial families were 

identified as only enriched in the planktonic community derived from donor A, since 
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representatives of these families were not components of the defined communities.  

Porphyromonadaceae were enriched in both donor A fecal and MET-1 steady state planktonic 

communities and interestingly, MET-1 biofilm communities were also enriched in the 

Porphyromonadaceae family; in this case the representative genus was Parabacteroides.  

Without more detailed sequencing information, whether Parabacteroides spp. are enriched in the 

planktonic community that developed from donor A feces, thus accounting for the increase in 

Porphyromonadaceae seen, is not known. It is important to remember that different members 

within the same bacterial family can possess different biofilm-forming abilities; while 

Parabacteroides has been previously associated with biofilm development, other members of the 

Porphyromonadaceae have not (237, 238). The results of this study represent a broad overview 

of the types of microbes present in biofilm and planktonic communities of the human gut, and 

are an important first step in outlining the contribution of certain groups of bacteria to the healthy 

human gut microbiota.      

In conclusion, we were able to fulfill the goal of this study by modifying an in vitro 

single-stage chemostat model to successfully capture and sample the early colonizers involved 

with biofilm communities associated with the healthy human distal gut. We were also able to 

carry out time-course experiments that modeled the primary colonizers on biologically relevant 

substrata, which were high-throughput and easy to sample.  Tubing sample sections conditioned 

with spent LS174T medium and/or sIgA-coated beads captured more diverse biofilm growth 

compared to controls for both defined and fecal-based communities.  However, the observed 

differences between the biofilm communities originating from fecal and defined inocula 

illustrate the inherent complexity of microbe-microbe interactions that must always be 

considered when drawing conclusions about an ecosystem as elaborate as that from the human 
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gut (239, 240).  Nevertheless, DEC and MET-1 defined communities offer a promising 

alternative to using fecal inocula for the future study of biofilm development in the human distal 

gut.  The DEC community in particular successfully simplified the donor A fecal community 

while still retaining considerable complexity in the planktonic (steady state) and biofilm forms.   

To our knowledge this is the first model using biologically relevant substrata to investigate the 

early colonizers of healthy human distal gut biofilms.  Using this model to understand the 

specific roles played by bacterial groups in early biofilm formation will aid research aimed at 

modulating gut communities for therapeutic purposes. 
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Chapter 4 

Investigating the primary colonizers of in 

vitro colonic biofilms from different fecal 

donors 

 

4.1 Introduction: 

 There is a documented difference in the composition and activity of the microbiota in 

direct association with the mucosa (i.e. biofilm communities) and that found in the lumen of the 

colon (69, 70, 72, 73).  More recent studies explored the differences in mucosal and luminal 

communities associated with GI disorders, such as IBD and IBS (72, 74).  In the case of the 

latter, a comparison between the mucosal communities associated with IBS-sufferers and healthy 

controls revealed no significant difference in the levels of aerobic and anaerobic bacteria 

associated with either set of samples (72).  This suggests that even during periods of disease, 

mucosal biofilm communities may offer some ecosystem stability.  In addition, a significantly 

higher proportion of Escherichia coli were found in the mucosal samples collected from healthy 

donors in comparison to feces (72).       

It is well documented that there is remarkable variation in the gut microbiota between 

individuals (241).  That being said, the theory that all healthy humans harbour a core gut 

microbiota, or rather a core set of microbial genes capable of carrying out all necessary functions 

for support of a healthy human gut microbiota, is still prominent (11).  However, little has been 

done to determine whether the primary colonizers of mucosal biofilm communities are as varied 
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from one individual to the next, or whether there is a core group of microbes responsible for 

colonization. 

In this study we used similar methods to those described in chapter 3 to capture and 

sample the primary colonizers of colonic biofilms from three healthy human fecal donors.  We 

then used a molecular fingerprinting technique, 16S-DGGE, as well as sequencing on the MiSeq 

Illumina platform to characterize and compare the primary colonizer communities within and 

between donors.  The aims of the study were: (i) to determine whether we could capture more 

diverse biofilm development on biologically relevant substrata in comparison to silicone tubing 

controls; (ii) to outline broad roles for various bacterial families in terms of their ability to 

contribute (or not contribute) to early biofilm formation; (iii) to determine whether there is a 

difference in the primary colonizer composition of an individual donor over time; (iv) to identify 

the similarities and differences between the primary colonizers of different fecal donors.       

 

4.2 Results: 

 Five separate chemostat experiments were used for this study, seeded with fresh fecal 

inocula from three separate, healthy donors, A, B and C.  One run was conducted for donor A 

(from chapter 3) and two were conducted for each of donors B (B1 & B2) and C (C1 & C2).  

Vessels ran for 46 days, except for donor B1 which ran for 48 days.  Community analysis was 

conducted for all runs on samples taken every other day from the planktonic communities.    

 

4.2.1 Determining steady state for donor B (B1 & B2) and donor C (C1 & C2) communities 

 

 The analysis of the chemostat community from donor A was reported in chapter 3 and 

confirmed that this community reached a steady state by 26 days post-inoculation.  16S-DGGE 
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analysis was similarly performed on chemostat communities seeded with fresh feces from donors 

B (B1 & B2), and C (C1 & C2) to determine the amount of time required for planktonic 

communities to reach a steady state composition.  %SI values were generated and moving 

window correlation analysis was performed on samples taken every other day from each 

chemostat run.  Cut-off thresholds were calculated by comparing the similarity of three identical 

standard 16S-DGGE ladder profiles within the same DGGE gel.  Standard ladder samples should 

be identical (i.e. generate a rate-of-change value of 0), however due to the common variations in 

the gradient across the width of the gel, or experimental error associated with the technique, 

these values are always greater than 0 (183).  Communities were defined as having achieved 

steady state once rate-of-change values remained below or within 5% of the gel-defined cut-off 

threshold (183).    

Rate-of-change values fell below the gel-defined cut-off threshold between days 16 and 

28 post-inoculum for chemostat runs B1, B2, C1 and C2 (Figure 4.1d).  However, species band 

richness, Shannon diversity and Shannon equitability indices did not stabilize until day 32 post-

inoculum for runs B1, C1 and C2 (Figure 4.1a-c).  Stability was achieved slightly earlier for run 

B2, on day 30 post-inoculum (Figure 4.1a-c).  Biofilm capture experiments were carried out for 

8-10 days once communities had reached steady state and began on day 36 for chemostat runs 

B2, C1 and C2 and day 38 for chemostat run B1.  During these experiments approximately 30 

mL of culture were used per day to prime the silicone tubing apparatus.  Throughout the 

experimentation period, rate-of-change values for planktonic communities in the main vessel 

remained below the gel-defined cut-off threshold, only fluctuating on average between 
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Figure 4.1 16S-DGGE planktonic community analysis of B1, B2, C1 and C2 chemostat runs.  a) 

Plot of community band richness.  b) Plot of Shannon’s diversity index.  c) Plot of Shannon’s 

equitability index. d) Plot of moving window correlation analysis illustrating the rate-of-change 

values.  Gel-specific rate-of-change cut-off thresholds were removed for simplification purposes. 
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0.8% and 2.8% for all chemostat runs.  Species band richness, Shannon diversity and equitability 

indices also remained stable (S ± 0.41-0.55, H’ ± 0.01-0.03, EH’ ± 0.003-0.006) during the course 

of biofilm capture experiments for all chemostat runs (Figure 4.1a-c), suggesting that the outflow 

experiments themselves did not interfere with the community dynamics of the main vessels. 

 

4.2.2 Comparing donor B and C planktonic community biological replicates 

The chemostat B2 community was noted as being less diverse (H’ <  ̅ = 0.48) and less 

even (EH’ <  ̅ = 0.14) than the chemostat B1 community throughout the steady state period.  The 

C2 community was also noted as being less diverse (H’ <  ̅ = 0.69) and less even (EH’ <  ̅ = 

0.13) than the C1 community throughout the steady state period.  The B1, B2, C1 and C2 fecal 

inocula and steady state community samples were all compared to one another by 16S-DGGE.  

Archived samples from unrelated experiments with donors B and C were also compared on the 

same DGGE gel.  These unrelated experiments were inoculated, sampled and brought to steady 

state in the chemostat in exactly the same manner as the B1, B2, C1 and C2 communities.  

However, they were conducted 8-12 months earlier.   

Using the Syngene GeneTools software package, %SI correlation coefficient values were 

generated between the 16S-DGGE profiles of each sample to allow comparisons between 

duplicate planktonic communities (B1 vs. B2 and C1 vs. C2).  The inocula samples for all donor 

B experiments were an average of 88.5% similar.  By day 36 (steady state), the donor B 

(archived) profile was 83.6% similar to B1.  However the B2 day 36 banding profile was 

markedly different from B1 and B (archived) day 36 profiles, being on average only 15.9% 

similar (Figure 4.2).  Sequencing data similarly demonstrated that the inocula for the B1 and B2 

communities were 96.1% similar and grouped together by PCA.  On the contrary, the B1 and B2 
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Figure 4.2 16S-DGGE community profiles comparing B1, B2 and the archived donor B inocula 

(Day 0) and steady state (Day 36) communities.   

 

 

 

 

Lane a – Donor B (archived Oct.  

               2010) – inoculum  

Lane b – Donor B1 – inoculum  

Lane c – Donor B2 – inoculum  

 

Lane d – Donor B (archived Oct.  

               2010) – Day 36 

Lane e – Donor B1 – Day 36 

Lane f – Donor B2 – Day 36  
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steady state samples were only 4.8% similar and grouped separately from one another by PCA 

(Figure 4.4 and Figure 4.5).  The greatest changes seen were in the relative abundance of specific 

bacterial families of the steady state community of B2 compared to B1: Bacteroidaceae (B1: 

mean = 0.42, ± 0.01; B2: mean = 0.002, ± 0.0009) and Verrucomicrobiaceae (B1: mean = 0.09, ± 

0.001; B2: mean = 0.0002, ± 0.00008) dropped significantly (P = <0.0001), whereas the relative 

abundance of the bacterial family Prevotellaceae (B1: mean = 0.001, ± 0.001; B2: mean = 0.61, 

± 0.02) increased significantly (P = <0.0001).  

The donor C experiments followed a similar trend to what was observed with donor B.  

The inocula samples for all donor C experiments were an average of 73.2% similar and by day 

36 (steady state), the donor C (archived) and C1 profiles were an average of 84.7% similar.  

However, the C2 day 36 banding profile was markedly different from C1 and C (archived) day 

36 profiles, being on average only 19.6% similar (Figure 4.3).  Sequencing data similarly 

demonstrated that the inocula for C1 and C2 communities were 91.3% similar and grouped 

together by PCA.  On the contrary, the C1 and C2 steady state communities were only 14.9% 

similar and grouped separately from one another by PCA (Figure 4.4 and Figure 4.5).  Similar to 

what was observed with donor B, the relative abundance of the bacterial families Bacteroidaceae 

(C1: mean = 0.42, SD = 0.01; C2: mean = 0.0008, SD = 0.0003) and Verrucomicrobiaceae (C1: 

mean = 0.10, SD = 0.008; C2: mean = 0.0001, SD = 0.00008) dropped significantly (P = 

<0.0001) in the steady state community of C2 compared to C1.  In contrast to what was observed 

with donor B, the relative abundance of the bacterial families Ruminococcaceae (C1: mean = 

0.07, SD = 0.003; C2: mean = 0.19, SD = 0.02) and Acidaminococcaceae (C1: mean = 0.0001, 

SD = 0.00005; C2: mean = 0.07, SD = 0.007) increased significantly (P = <0.0001) in the steady 

state community of C2 compared to C1. 
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Figure 4.3 16S-DGGE planktonic community profiles comparing C1, C2 and the archived donor 

C inocula (Day 0) and steady state (Day 36) communities.   

 

Lane a – Donor C (archived Aug.  

               2011) – inoculum  

Lane b – Donor C (archived Oct.      

               2011) – inoculum  

Lane c – Donor C (archived Oct.  

               2011) – inoculum  

Lane d – Donor C1 – inoculum 

Lane e – Donor C2 – inoculum  

 

Lane f – Donor C (archived Aug.  

               2011) – Day 36  

Lane g – Donor C (archived Oct.  

               2011) – Day 36  

Lane h – Donor C (archived Oct.  

               2011) – Day 36  

Lane i – Donor C1 – Day 36 

Lane j – Donor C2 – Day 36 
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Figure 4.4 The relative abundance (in %) of bacterial families in the planktonic communities of donor B and C inocula (Day 0) and 

steady state (averaged profiles) samples based on 16S rRNA gene sequencing data. 
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Figure 4.5 PCA based on 16S rRNA gene sequencing data of donor B and C planktonic 

community inocula (Day 0) and steady state samples.  Steady state planktonic samples were 

from each day in which a biofilm capture experiment was conducted following the initiation of 

the experimentation period (B1 = Day 38, B2/C1/C2 = Day 36). 
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4.2.3 Comparing community profiles for primary colonizer biofilms from donors B and C over 

time using different substrates 

16S-DGGE was used to interpret and compare the community profiles of biofilm capture 

experiments from donor B (B1 & B2) and C (C1 & C2) communities.  Using the Syngene 

GeneTools software package as above, %SI correlation coefficient values were generated 

between the 16S-DGGE profiles of each sample.  Communities B1, B2, C1 and C2 sampled at 

the 1-hour time point revealed a difference in community profiles by 16S-DGGE (where their 

%SI values fell a minimum of 5% below the gel-defined cut-off point) when substrate-treated 

and untreated flow experiments were compared. When the substrate used was sIgA-coated beads, 

the treatment profiles differed from control profiles by a range of 5.7-29.2% (uncoated beads) 

and 9.0-67.7% (no beads).  When the substrate was silicone tubing conditioned with spent 

LS174T medium, profiles differed from silicone controls by 6.9-10.3%.  When the substrate was 

additive (spent LS174T medium in addition to sIgA-coated beads) profiles differed from 

uncoated bead control profiles by 5.3-25.9%.  Additionally, control community profiles also 

tended to differ from one another:  untreated silicone tubing samples diverged from samples of 

untreated tubing containing uncoated beads by 28.9-58.1%, below the gel-defined cut-off point.  

In general, the %SI values obtained when comparing untreated control tubing to tubing 

conditioned with fresh (un-inoculated) LS174T medium fell above or too close to the gel-defined 

cut-off threshold, suggesting that the LS174T cell medium itself had no impact on biofilm 

formation.  In contrast, for samples from community C1, profiles for lines conditioned with 

unused LS174T medium fell below the gel-defined cut-off threshold by 8.1% (see Tables 4.1, 

4.2, 4.3 and 4.4 for a complete summary of %SI values).      

The differences amongst community profiles for B1, B2, C1 and C2 substrate treatment
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Table 4.1 Donor B1 %SI correlation coefficients for all biofilm capture experiment treatments and controls.  The %SI values were 

averaged for each capture experiment duplicate.  Values in bold fell at least 5% below the gel-defined cut-off threshold. 

Biofilm 

Capture 

Experiment 

Comparison 1h 2h 3h 4h 
1h and 

2h 

2h and 

3h 

3h and 

4h 

4h and 

1h 

Gel-

defined 

cut-off 

LS174T* 

LS174T vs. 

Control** 
74.8 80.1 82.2 46.2     

85.1 LS174T     80.5 70.9 61.7 22.9 

Control     35.6 93.2 84.3 39.2 

sIgA-

coated† 

sIgA-coated 

vs. 

Uncoated†† 
80.6 91.9 83.2 98.1     

86.2 

sIgA-coated 

vs. Control 
18.6 32.3 16.1 21.6     

Uncoated vs. 

Control 
28.1 56.8 25.7 15.2     

 

sIgA-coated 

 

    97.7 94.9 97.7 77.4 

 

Uncoated 

 

    80.5 68.2 81.9 63.7 

 

Control 

 

    76.9 52.7 56.6 71.0 

LS174T & 

sIgA-coated  

LS174T & 

sIgA-coated 

vs. Uncoated 

& Control 

72.6 68.0 66.9 73.0     77.9 
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Biofilm 

Capture 

Experiment 

Comparison 1h 2h 3h 4h 
1h and 

2h 

2h and 

3h 

3h and 

4h 

4h and 

1h 

Gel-

defined 

cut-off 

LS174T & 

sIgA-coated 

LS174T & 

sIgA-coated 
    64.5 74.6 69.6 78.1 

77.9 
Uncoated & 

Control 
    71.9 65.0 72.8 75.7 

Medium‡ 

Medium vs. 

Control 
93.6 59.5 93.8 86.2     

85.9 

 

Medium 

 

    92.6 91.2 65.5 69.3 

 

Control 

 

    55.6 64.1 86.4 76.8 

*Early colonizer communities cultured on spent LS174T media-conditioned sample sections 

**Early colonizer communities cultured on silicone sample sections 

†Early colonizer communities cultured on sIgA-coated Turbobeads 

††Early colonizer communities cultured on uncoated Turbobeads 

‡Early colonizer communities cultured on unused LS174T medium sample sections 
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Table 4.2 Donor B2 %SI correlation coefficients for all biofilm capture experiment treatments and controls.  The %SI values were 

averaged for each capture experiment duplicate.  Values in bold fell at least 5% below the gel-defined cut-off threshold. 

Biofilm 

Capture 

Experiment 

Comparison 1h 2h 3h 4h 
1h and 

2h 

2h and 

3h 

3h and 

4h 

4h and 

1h 

Gel-

defined 

cut-off 

LS174T* 

LS174T vs. 

Control** 
62.7 76.9 31.4 75.1     

74.7 LS174T     19.9 58.0 64.3 33.0 

Control     39.1 35.9 11.5 46.5 

sIgA-

coated† 

sIgA-coated 

vs. 

Uncoated†† 
68.6 48.0 43.5 49.3     

80.7 

sIgA-coated 

vs. Control 
36.0 25.3 30.9 68.5     

Uncoated vs. 

Control 
41.2 62.3 35.1 45.9     

 

sIgA-coated 

 

    38.4 13.8 27.4 41.4 

 

Uncoated 

 

    61.7 42.2 36.4 37.7 

 

Control 

 

    51.5 44.0 52.7 87.4 

LS174T & 

sIgA-coated  

LS174T & 

sIgA-coated 

vs. Uncoated 

& Control 

63.6 19.6 11.5 55.0     81.9 
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Biofilm 

Capture 

Experiment 

Comparison 1h 2h 3h 4h 
1h and 

2h 

2h and 

3h 

3h and 

4h 

4h and 

1h 

Gel-

defined 

cut-off 

LS174T & 

sIgA-coated 

LS174T & 

sIgA-coated 
    34.9 21.4 28.5 33.2 

81.9 
Uncoated & 

Control 
    18.6 14.4 17.5 43.9 

Medium‡ 

Medium vs. 

Control 
86.2 74.2 63.8 68.8     

85.6 

 

Medium 

 

    71.0 73.3 81.6 65.6 

 

Control 

 

    84.7 56.6 56.4 72.4 

*Early colonizer communities cultured on spent LS174T media-conditioned sample sections 

**Early colonizer communities cultured on silicone sample sections 

†Early colonizer communities cultured on sIgA-coated Turbobeads 

††Early colonizer communities cultured on uncoated Turbobeads 

‡Early colonizer communities cultured on unused LS174T medium sample sections 
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Table 4.3 Donor C1 %SI correlation coefficients for all biofilm capture experiment treatments and controls.  The %SI values were 

averaged for each capture experiment duplicate.  Values in bold fell at least 5% below the gel-defined cut-off threshold. 

Biofilm 

Capture 

Experiment 

Comparison 1h 2h 3h 4h 
1h and 

2h 

2h and 

3h 

3h and 

4h 

4h and 

1h 

Gel-

defined 

cut-off 

LS174T* 

LS174T vs. 

Control** 
70.4 

 

67.0 

 

45.7 

 

43.8 

 
    

77.3 LS174T     33.8 44.9 54.8 35.4 

Control     54.9 32.6 48.0 26.6 

sIgA-

coated† 

sIgA-coated 

vs. 

Uncoated†† 
50.5 75.6 66.1 63.2     

78.9 

sIgA-coated 

vs. Control 
39.0 48.4 63.9 25.9     

Uncoated vs. 

Control 
50.0 46.1 47.7 29.7     

 

sIgA-coated 

 

    72.3 49.7 57.6 38.9 

 

Uncoated 

 

    52.3 26.6 57.1 37.9 

 

Control 

 

    92.3 80.9 47.4 65.0 

LS174T & 

sIgA-coated  

LS174T & 

sIgA-coated 

vs. Uncoated 

& Control 

56.8 75.7 63.0 40.2     71.4 
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Biofilm 

Capture 

Experiment 

Comparison 1h 2h 3h 4h 
1h and 

2h 

2h and 

3h 

3h and 

4h 

4h and 

1h 

Gel-

defined 

cut-off 

LS174T & 

sIgA-coated 

LS174T & 

sIgA-coated 
    70.3 53.3 37.4 47.3 

71.4 
Uncoated & 

Control 
    36.1 67.8 51.6 26.7 

Medium‡ 

Medium vs. 

Control 
64.8 52.4 88.8 89.0     

72.8 

 

Medium 

 

    37.9 51.9 86.5 83.1 

 

Control 

 

    56.8 84.1 92.1 54.8 

*Early colonizer communities cultured on spent LS174T media-conditioned sample sections 

**Early colonizer communities cultured on silicone sample sections 

†Early colonizer communities cultured on sIgA-coated Turbobeads 

††Early colonizer communities cultured on uncoated Turbobeads 

‡Early colonizer communities cultured on unused LS174T medium sample sections 
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Table 4.4 Donor C2 %SI correlation coefficients for all biofilm capture experiment treatments and controls.  The %SI values were 

averaged for each capture experiment duplicate.  Values in bold fell at least 5% below the gel-defined cut-off threshold. 

Biofilm 

Capture 

Experiment 

Comparison 1h 2h 3h 4h 
1h and 

2h 

2h and 

3h 

3h and 

4h 

4h and 

1h 

Gel-

defined 

cut-off 

LS174T* 

LS174T vs. 

Control** 
73.1 88.6 63.7 83.6     

87.1 LS174T     93.9 43.6 58.9 77.9 

Control     90.5 68.6 70.8 82.0 

sIgA-

coated† 

sIgA-coated 

vs. 

Uncoated†† 
52.6 78.9 83.0 91.3     

81.7 

sIgA-coated 

vs. Control 
72.7 84.1 65.1 75.2     

Uncoated vs. 

Control 
39.6 75.1 77.0 79.4     

 

sIgA-coated 

 

    73.0 84.3 87.0 70.4 

 

Uncoated 

 

    53.9 80.0 70.1 51.5 

 

Control 

 

    84.6 76.9 68.9 88.1 

LS174T & 

sIgA-coated  

LS174T & 

sIgA-coated 

vs. Uncoated 

& Control 

55.4 91.8 83.7 86.4     81.3 
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Biofilm 

Capture 

Experiment 

Comparison 1h 2h 3h 4h 
1h and 

2h 

2h and 

3h 

3h and 

4h 

4h and 

1h 

Gel-

defined 

cut-off 

LS174T & 

sIgA-coated 

LS174T & 

sIgA-coated 
    79.2 84.4 72.9 90.2 

81.3 
Uncoated & 

Control 
    98.0 91.2 91.2 92.9 

Medium‡ 

Medium vs. 

Control 
71.6 66.8 59.6 60.9     

74.8 

 

Medium 

 

    47.9 47.4 57.5 50.0 

 

Control 

 

    83.9 77.8 50.9 56.7 

*Early colonizer communities cultured on spent LS174T media-conditioned sample sections 

**Early colonizer communities cultured on silicone sample sections 

†Early colonizer communities cultured on sIgA-coated Turbobeads 

††Early colonizer communities cultured on uncoated Turbobeads 

‡Early colonizer communities cultured on unused LS174T medium sample sections 
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and control biofilms were further explained at 1-hour time points by comparing the 16S-DGGE-

generated banding patterns.  When this was done, profiles for sIgA-coated bead treatments 

indicated between 2 & 4 unique bands compared to the uncoated bead and untreated tubing 

control profiles.  Among the donors we tested, there were no unique bands for the uncoated bead 

control profiles.  Rather these profiles shared bands with either the sIgA-coated bead profile or 

the untreated silicone control profile.  The untreated silicone control profile itself possessed 2-8 

unique bands when compared to the profiles for sIgA and uncoated beads for all the communities 

(Figures 4.6-4.9).   

There were no unique bands when comparing all other control profiles to their 

corresponding substrate treatment profiles. However, the profiles obtained from tubing 

conditioned with spent LS174T medium had 3-7 unique bands compared to controls.  

Additionally, the profiles from tubing conditioned with spent LS174T medium, and also 

containing sIgA-coated beads, gave rise to 4-6 unique bands compared to controls (Figures 4.6-

4.9).  These data were reinforced by sequencing results which showed that the vast majority of 

bacterial families in B1, B2, C1 and C2 biofilm communities had a higher or equivalent average 

relative abundance when sourced from experimental tubing lines treated with substrates 

compared to controls (Table 4.5).  Additionally, average Shannon diversity and equitability 

indices were calculated; the results of this calculation illustrated that the planktonic community 

in all runs was more diverse and even than any of the biofilm communities (Table 4.6). 

It was noted that in some cases silicone tubing conditioned with unused LS174T medium 

controls were unique from untreated silicone controls, falling below the gel-defined cut-off point.  

In addition, the 16S-DGGE profiles for unused LS174T medium had 1-3 unique bands in 

comparison to the untreated silicone for both communities from donors B and C (Figures 4.6- 
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Figure 4.6 16S-DGGE biofilm community profiles of donor B1 line experiments at 1-hour time 

points.  Depicted are substrate treatments grouped with their respective controls.  Bands that are 

unique to a community profile compared to at least one of the others in each grouping are 

highlighted in yellow. 

 

 

 

 

 

 

Lane a – sIgA-coated beads 

Lane b – uncoated bead control 

Lane c – silicone control 

 

Lane d – spent LS174T medium 

Lane e – silicone control 

 

Lane f – spent LS174T medium &  

               sIgA-coated beads 

Lane g – uncoated bead & silicone   

               controls 

 

Lane h – unused LS174T medium 

Lane i – silicone control  
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Figure 4.7 16S-DGGE biofilm community profiles of donor B2 line experiments at 1-hour time 

points.  Depicted are substrate treatments grouped with their respective controls.  Bands that are 

unique to a community profile compared to at least one of the others in each grouping are 

highlighted in yellow. 

 

 

 

 

 

 

Lane a – sIgA-coated beads 

Lane b – uncoated bead control 

Lane c – silicone control 

 

Lane d – spent LS174T medium 

Lane e – silicone control 

 

Lane f – spent LS174T medium &  

               sIgA-coated beads 

Lane g – uncoated bead & silicone   

               controls 

 

Lane h – unused LS174T medium 

Lane i – silicone control  
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Figure 4.8 16S-DGGE biofilm community profiles of donor C1 line experiments at 1-hour time 

points.  Depicted are substrate treatments grouped with their respective controls.  Bands that are 

unique to a community profile compared to at least one of the others in each grouping are 

highlighted in yellow. 

 

 

 

 

 

 

Lane a – sIgA-coated beads 

Lane b – uncoated bead control 

Lane c – silicone control 

 

Lane d – spent LS174T medium 

Lane e – silicone control 

 

Lane f – spent LS174T medium &  

               sIgA-coated beads 

Lane g – uncoated bead & silicone   

               controls 

 

Lane h – unused LS174T medium 

Lane i – silicone control  
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Figure 4.9 16S-DGGE biofilm community profiles of donor C2 line experiments at 1-hour time 

points.  Depicted are substrate treatments grouped with their respective controls.  Bands that are 

unique to a community profile compared to at least one of the others in each grouping are 

highlighted in yellow. 

 

 

 

 

 

Lane a – sIgA-coated beads 

Lane b – uncoated bead control 

Lane c – silicone control 

 

Lane d – spent LS174T medium 

Lane e – silicone control 

 

Lane f – spent LS174T medium &  

               sIgA-coated beads 

Lane g – uncoated bead & silicone   

               controls 

 

Lane h – unused LS174T medium 

Lane i – silicone control  
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Table 4.5 The relative abundance of bacterial families in substrate treatment and control 1-hour biofilm samples based on 16S rRNA 

gene sequencing data.  Those numbers in green had a higher average relative abundance in the substrate treatment samples and those 

numbers in red had a higher average relative abundance in the control samples.   

Donor Bacterial Family 
Average Relative Abundance 

(Treatments) 

Average Relative Abundance 

(Controls) 

B1 

Bifidobacteriaceae 0.0002 0.00009 

Porphyromonadaceae 0.006 0.002 

Prevotellaceae 0.0001 0.00005 

Rikenellaceae 0.01 0.02 

Bacteroidaceae 0.33 0.31 

Sutterellaceae 0.0018 0.0017 

Desulfovibrionaceae 0.0007 0.0008 

Enterobacteriaceae 0.05 0.03 

Gammaproteobacteria 

 incertae sedis 
0.01 0.002 

Verrucomicrobiaceae 0.047 0.045 

Aerococcaceae 0.0009 0.002 

Streptococcaceae 0.001 0.0007 

Clostridiaceae 0.0003 0.0002 

Eubacteriaceae 0.00005 0.000006 

Lachnospiraceae 0.19 0.15 

Ruminococcaceae 0.06 0.04 

Acidaminococcaceae 0.009 0.009 

Veillonellaceae 0.0003 0.00008 

    

B2 

Bifidobacteriaceae 0.009 0.006 

Propionibacteriaceae 0.0002 0.0001 

Porphyromonadaceae 0.02 0.01 

Prevotellaceae 0.35 0.30 

Rikenellaceae 0.00004 0.00008 

Bacteroidaceae 0.0023 0.0021 
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Donor Bacterial Family 
Average Relative Abundance 

(Treatments) 

Average Relative Abundance 

(Controls) 

B2 

Hyphomicrobiaceae 0.0005 0.0005 

Enterobacteriaceae 0.0005 0.0004 

Gammaproteobacteria 

incertae sedis 
0.03 0.02 

Xanthomonadaceae 0.008 0.006 

Verrucomicrobiaceae 0.0002 0.0001 

Bacillaceae 0.0005 0.0005 

Streptococcaceae 0.004 0.004 

Lactobacillaceae 0.0006 0.0004 

Clostridiaceae 0.00005 0.00003 

Lachnospiraceae 0.09 0.07 

Ruminococcaceae 0.08 0.07 

Acidaminococcaceae 0.003 0.002 

Veillonellaceae 0.12 0.11 

    

C1 

Bifidobacteriaceae 0.0006 0.0003 

Porphyromonadaceae 0.01 0.007 

Prevotellaceae 0.00022 0.00019 

Rikenellaceae 0.04 0.05 

Bacteroidaceae 0.24 0.21 

Sutterellaceae 0.001 0.002 

Desulfovibrionaceae 0.002 0.002 

Enterobacteriaceae 0.033 0.030 

Gammaproteobacteria  

incertae sedis 
0.01 0.007 

Verrucomicrobiaceae 0.06 0.04 

Paenibacillaceae 0.003 0.002 

Streptococcaceae 0.002 0.0003 

Aerococcaceae 0.0001 0.00003 

Lactobacillaceae 0.0001 0.0002 
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Donor Bacterial Family 
Average Relative Abundance 

(Treatments) 

Average Relative Abundance 

(Controls) 

C1 

Lachnospiraceae 0.16 0.12 

Ruminococcaceae 0.09 0.08 

Acidaminococcaceae 0.0002 0.00006 

Veillonellaceae 0.0001 0.0001 

    

C2 

Bifidobacteriaceae 0.005 0.004 

Porphyromonadaceae 0.00002 0.0001 

Prevotellaceae 0.002 0.001 

Bacteroidaceae 0.0006 0.0006 

Hyphomicrobiaceae 0.001 0.001 

Enterobacteriaceae 0.0002 0.0001 

Gammaproteobacteria 

 incertae sedis 
0.01 0.009 

Verrucomicrobiaceae 0.00004 0.00002 

Lactobacillaceae 0.002 0.002 

Streptococcaceae 0.01 0.005 

Lachnospiraceae 0.24 0.17 

Ruminococcaceae 0.20 0.18 

Erysipelotrichaceae 0.00007 0.00001 

Acidaminococcaceae 0.014 0.011 

Veillonellaceae 0.007 0.006 
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Table 4.6 Average Shannon diversity and equitability indices for donor B (B1 & B2) and C (C1 & C2) planktonic (steady state) and 

biofilm (substrate treatment and control) communities based on 16S rRNA gene sequencing results.  Steady state planktonic samples 

were from each day in which a biofilm capture experiment was conducted. 

 

Donor 

 

Type of Community H’ EH’ 

B1 

Planktonic – Steady State 5.41 0.62 

Biofilm – Treatment 4.93 0.57 

Biofilm – Control 4.75 0.54 

    

B2 

Planktonic – Steady State 3.81 0.44 

Biofilm – Treatment 3.48 0.39 

Biofilm – Control 3.32 0.38 

    

C1 

Planktonic – Steady State 5.91 0.68 

Biofilm – Treatment 5.28 0.61 

Biofilm – Control 5.19 0.59 

    

C2 

Planktonic – Steady State 4.57 0.52 

Biofilm – Treatment 4.04 0.46 

Biofilm – Control 3.85 0.44 
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4.9).  To investigate these findings, biofilm capture experiments were conducted with B1 and C1 

communities, where separate sample sections of silicone tubing were conditioned with various 

components of LS174T medium and sampled at 1 and 2-hours.  At these time points, for both 

communities B1 and C1, only those profiles from fetal bovine serum-conditioned tubing fell 

above the gel-defined cut-off threshold when compared to profiles generated on unused LS174T 

media-conditioned tubing (Appendix C, Tables C.5 and C.6, Figure C.1).       

By the 2-hour time point, and confirmed in the 3 and 4-hour time points, the %SI values 

for B1, B2, C1 and C2 communities were less clear than those described above for the 1-hour 

time point.  Substrate treatment versus control and control versus control profiles were 

inconsistent, with %SI values fluctuating both above and below their respective gel-defined cut-

off points.  For example, when comparing the biofilm community profiles for tubing conditioned 

with spent LS174T medium and containing sIgA-coated beads to the respective controls for C1, 

the %SI at the 2-hour time point was above the 5% gel-defined cut-off point by 4.4%, but fell to 

8.4% and 31.2% below the cut-off at the 3 and 4-hour time points, respectively (Table 4.3).  This 

type of pattern also was seen for the B1, B2 and C2 biofilm communities (Tables 4.1, 4.2 and 

4.4).   

The %SI values obtained from various time points between individual treatments or 

controls were also compared.  For example, when comparing the 2 & 3-hour, 3 & 4-hour and 4 

& 1-hour profiles obtained from B1 communities that developed on tubing treated with spent 

LS174T medium, %SI values were 14.2%, 23.4% and 62.3% below the cut-off, respectively.  

The %SI value comparing the 1 & 2-hour time points was still within 5% of the cut-off, at only 

4.7% below (Table 4.1).  This type of pattern also held true for B1, B2 and C2 biofilm 
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communities, where %SI values fluctuated above and below the gel-defined cut-off threshold 

(Tables 4.1, 4.2 and 4.4).  

 

4.2.4 Sequencing of donor B and C 1-hour time points of primary colonizer biofilms (substrate 

treatments and controls)  

Donors B and C primary colonizers (both substrate treatment and control 1-hour time 

points) and their associated planktonic communities were sequenced using the Illumina MiSeq 

platform.  Sequencing revealed a multitude of bacterial families that were significantly higher (P 

< 0.05) in primary colonizer biofilm communities (both substrate treatment and control samples) 

than in their planktonic counterparts.  B1 primary colonizer biofilms were enriched in 

Enterobacteriaceae (P = 0.02), Gammaproteobacteria incertae sedis (P = 0.02), 

Bifidobacteriaceae (P = 0.02), Lachnospiraceae (P = 0.008) and Clostridiaceae (P = 0.03) 

bacterial families (Table 4.7).  B2 primary colonizer biofilms were also enriched in 

Enterobacteriaceae (P = 0.002), Gammaproteobacteria incertae sedis (P = 0.005) and 

Bifidobacteriaceae (P = 0.003), as well as a number of other families including; 

Streptococcaceae (P = 0.0002), Lactobacillaceae (P = 0.005) and Acidaminococcaceae (P = 

0.0006), among others (Table 4.7).  Interestingly, all but one of the bacterial families which were 

enriched in biofilms (Lachnospiraceae, mean = 0.14, SD = 0.10) were present in a relative 

abundance of less than 4.0% (Table 4.7).  Conversely, there were some bacterial families that 

were significantly higher in the planktonic community compared to primary colonizer biofilms. 

For example, B1 planktonic communities were enriched in Rikenellaceae (P = 0.002), 

Verrucomicrobiaceae (P = <0.0001), Sutterellaceae (P = 0.0004) and Aerococcaceae (P = 

<0.0001) families (Appendix C, Table C.7).  The B2 planktonic community was only enriched in  
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Table 4.7 The bacterial families (by donor) found to be significantly higher (P < 0.05) in 1-hour biofilm (substrate treatment and 

control) samples than in their planktonic counterparts based on 16S rRNA gene sequencing results. 

Donor Bacterial Family P-value 
Average Relative 

Abundance 
Standard Deviation 

B1 

Enterobacteriaceae 0.02 0.04 0.04 

Gammaproteobacteria 

incertae sedis 
0.02 0.006 0.009 

Bifidobacteriaceae 0.02 0.0002 0.0002 

Lachnospiraceae 0.008 0.14 0.10 

Clostridiaceae 0.03 0.0003 0.0002 

     

B2 

Enterobacteriaceae 0.002 0.0005 0.0005 

Gammaproteobacteria 

incertae sedis 
0.005 0.02 0.02 

Streptococcaceae 0.0002 0.004 0.003 

Bifidobacteriaceae 0.003 0.007 0.005 

Lactobacillaceae 0.005 0.0004 0.0005 

Propionibacteriaceae 0.02 0.0001 0.0002 

Porphyromonadaceae 0.0002 0.02 0.01 

Xanthomonadaceae 0.007 0.005 0.007 

Bacillaceae 0.02 0.0005 0.0005 

Acidaminococcaceae 0.0006 0.002 0.002 

     

C1 

Enterobacteriaceae 0.005 0.03 0.02 

Gammaproteobacteria 

incertae sedis 
0.0005 0.01 0.01 

Streptococcaceae 0.01 0.001 0.001 

Bifidobacteriaceae 0.003 0.0005 0.0005 

Lactobacillaceae 0.02 0.0002 0.0002 

Desulfovibrionaceae <0.0001 0.002 0.0007 

Lachnospiraceae 0.02 0.11 0.10 
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Donor Bacterial Family P-value 
Average Relative 

Abundance 
Standard Deviation 

C1 

Paenibacillaceae 0.01 0.003 0.002 

Eubacteriaceae 0.002 0.001 0.0005 

Ruminococcaceae 0.03 0.10 0.04 

     

C2 

Enterobacteriaceae 0.03 0.0003 0.0004 

Gammaproteobacteria 

incertae sedis 
0.004 0.02 0.02 

Streptococcaceae 0.008 0.0007 0.001 

Hyphomicrobiaceae 0.005 0.002 0.0008 
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the Prevotellaceae bacterial family (P = 0.0002) (Appendix C, Table C.7). 

 C1 primary colonizer biofilm communities were also enriched in many bacterial families, 

including; Enterobacteriaceae (P = 0.005), Gammaproteobacteria incertae sedis (P = 0.0005), 

Streptococcaceae (P = 0.01), Bifidobacteriaceae (P = 0.003), Lactobacillaceae (P = 0.02) and 

Lachnospiraceae (P = 0.02), among others (Table 4.7).  Similarly, bacterial families 

Enterobacteriaceae (P = 0.03), Gammaproteobacteria incertae sedis (P = 0.004) and 

Streptococcaceae (P = 0.008) were enriched in C2 primary colonizers.   Hyphomicrobiaceae (P = 

0.005) was the only unique family in donor C2 biofilms.  All but two of the bacterial families 

(Lachnospiraceae, mean = 0.11, SD = 0.10; and Ruminococcaceae, mean = 0.10, SD = 0.04) that 

were enriched in biofilms were present in a relative abundance of less than 3.0% (Table 4.7).  

Similar to what was observed with donor B, there were some bacterial families from donor C 

communities that were significantly higher in the planktonic community compared to primary 

colonizer biofilms. C1 planktonic communities were enriched in Rikenellaceae (P = 0.01), 

Verrucomicrobiaceae (P = 0.0006), Bacteroidaceae (P = <0.0001), Sutterellaceae (P = <0.0001) 

and Prevotellaceae (P = 0.02) families (Appendix C, Table C.7).  C2 was only enriched in the 

bacterial families Veillonellaceae (P = 0.04) and Acidaminococcaceae (P = <0.0001). 

 Donor B and C primary colonizer biofilms and planktonic communities were both 

enriched for several unclassified families.  Between the two donors, there were ten significant 

(had a P value of <0.05) unclassified OTUs at the family level in either planktonic or biofilm 

communities.  These included members of the bacterial phyla Proteobacteria, Bacteroidetes and 

Firmicutes, including the classes Gammaproteobacteria, Alphaproteobacteria, Bacilli and 

Clostridia. 
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4.3 Discussion: 

Chemostats containing B1, B2, C1 and C2 communities reached steady state by days 32, 

30, 30 and 32 post-inoculum, respectively.  Planktonic communities were also able to maintain 

steady state throughout the course of the biofilm capture experiments, where rate-of-change 

values remained below the gel-defined cut-off threshold and S, H’ and EH’ were stable.  Stability 

was maintained even with the removal of approximately 8.5% of the total volume of the culture 

(4 mL for daily sampling of the planktonic community and ~30 mL to prime the biofilm capture 

experiments) per day from the vessel (see the Discussion in chapter 3.3 for more detail on the 

maintenance of steady state in the chemostats).     

The objective of this study was to determine if we could capture more rapidly 

developing, and potentially more diverse, biofilm growth on biologically relevant substrata in 

comparison to controls. Three substrata were tested: (1) sIgA (bound to magnetic beads), (2) 

spent, LS174T culture supernatant (used to prime the inner surface of the tubing), and (3) a 

combination of these two substrate modalities.  The findings reported in chapter 3 suggested that 

both the sIgA-coated bead and spent LS174T medium treatments resulted in more diverse 

biofilm formation at 1-hour time points in comparison to controls for biofilm communities from 

donor A.  For biofilm communities from donors B and C, 16S-DGGE data illustrated a 

difference between substrate treatment and control primary colonizers, particularly at the 1-hour 

time point.  This was observed for all three substrate treatment types; the sIgA-coated beads, the 

spent LS174T medium and the combination of spent LS174T medium & sIgA-coated beads.  

Substrate treatment 16S-DGGE profiles for all biofilm communities contained between 1 & 7 

unique bands, depending on the donor and specific treatment, in comparison to their control 

counterparts, suggesting that there were bacterial groups at the 1-hour time point that were 
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attaching to the spent LS174T medium and/or sIgA present in the tubing. Sequencing data also 

revealed that for donor B and C communities the substrate treatment biofilms were more diverse 

(where H’ = 4.43 > H’ = 4.28) and even (where EH’ = 0.51 > EH’ = 0.48) than the control 

biofilms.  However, the sequencing data also suggested that there were essentially the same 

bacterial families present in both treatment and control biofilm samples (Table 4.5).  It is well 

documented that 16S-DGGE can only detect species that compose 1% or more of the total 

community (242, 243).  Therefore considering the low average relative abundance of some of the 

bacterial families in the control samples, it is possible that they fell below the limit of detection 

by 16S-DGGE and would only appear as bands in the treatment samples.  However, it is still 

likely that there are species unique to the substrate treatment samples, since sequencing analysis 

was carried out only at the family level because of the taxonomic limitations of the chosen V6 

region of the 16S rRNA gene (167, 244, 245).  At the time of analysis, the V6 region alone was 

thought to be able to capture significant phylogenetic information for our purpose, however 

previous work, and the present data, suggests this is not the case (246-248).  Analysis at a higher 

taxonomic level could have obscured the presence of certain unique species in substrate 

treatment biofilm samples.  Future analyses with sequencing primers that cover more than one of 

the 16S rRNA gene variable regions will provide more detail on species-level differences 

between substrate treatment and control biofilms.  Regardless, both the sIgA-coated bead and 

spent LS174T medium treatments encouraged more diverse biofilm formation in comparison to 

controls for samples from both donors B and C.       

It was noted that in some cases silicone tubing samples that were conditioned with 

unused LS174T medium were different from samples of untreated control silicone tubing alone, 

falling below the gel-defined cut-off point.  In addition, the 16S-DGGE profiles for unused 
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LS174T medium controls contained unique bands in comparison to the untreated silicone 

controls.  When individual components of the LS174T medium were considered, 16S-DGGE 

profiles indicated that biofilm development in samples from both donors B and C was 

encouraged by fetal bovine serum (Appendix C, Tables C.5 and C.6, Figure C.1). Therefore, 

banding patterns obtained using control samples were used as a baseline to identify further bands 

in experimental samples that could be specifically associated with the LS174T cells and their 

products. 

The biofilm capture experiments comparing substrate treatment and control biofilms at 2, 

3 and 4-hour time points were more difficult to interpret.  The fluctuation of %SI values both 

above and below the 5% gel-defined cut-off threshold suggest that developing biofilms might 

have been undergoing cycles of formation and detachment between time points.  Once it became 

apparent that by 1-hour of flow the model system had captured primary biofilm development, 

this time point became the focus of future analyses.  Subsequent time points in biofilm 

development may be of interest in future studies, especially those that pertain to the study of 

developing colonic biofilm structure, species composition and resilience to perturbation (223). 

 This study found that biological replicate communities (B1/B2 and C1/C2) were 

divergent, contrary to previous studies where chemostats were successfully used to cultivate 

reproducible communities from separate, fresh fecal donations from the same donor separated by 

a period of over six months (183).  Indeed, when steady state community profiles from both 

donor B and C were compared by 16S-DGGE to the community profiles of archived samples 

from each respective donor obtained 9-12 months earlier, these profiles showed similarity to B1 

(83.6%) and C1 (84.7%) but not to B2 (17.6%) and C2 (19.3%).  For comparison, by 16S-DGGE 

all donor B inocula (including archived samples) were 88.5% similar and all donor C inocula 
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(including archived samples) were 73.2%.  Therefore these data suggested that there was some 

discrepancy in B2 and C2 chemostat runs that made them substantially less similar to their 

respective biological replicates by steady state.  Chemostat runs B2 and C2 were carried out in 

back-to-back experiments (October, 2012 and January, 2013, respectively) and sequencing data 

revealed that in comparison to chemostat runs B1 and C1, 2 bacterial families were significantly 

lower, the Bacteroidaceae and the Verrucomicrobiaceae.  The Verrucomicrobiaceae in particular 

were of interest, since the chemostat model used is known to select for this family in steady state 

fecal communities, most likely through the provision of mucin in the culture medium (224).  

Sequencing data for B1, B2, C1 and C2 chemostat runs revealed only one member of the 

Verrucomicrobiaceae present at the genus-level, Akkermansia, of which Akkermansia 

muciniphila is the only documented species recorded in the All Species Living Tree 

(ReleaseLTPs111, http://www.arb-silva.de/projects/living-tree/).  Akkermansia muciniphila is a 

well-documented, mucin-degrading member of the gut microbiota representing upwards of 3% 

of the gut microbiota in healthy adults (41, 249, 250).  Therefore, because the relative abundance 

of the Verrucomicrobiaceae dropped to 0.02% and 0.01% in the B2 and C2 communities 

respectively, and because the chemostat medium recipe remained unchanged throughout 

experimentation, we suspected that the problem may have been associated with the preparation 

of the porcine gastric mucin (type II) (Sigma-Aldrich; Oakville, Ontario) in the chemostat 

medium for the divergent runs.  According to the manufacturer, this mucin preparation is a crude 

mixture derived from a pool of hundreds of hog stomachs that is digested with pepsin, 

precipitated with alcohol, collected by filtration and dried to yield the final product.  The only 

quality control test performed by the manufacturer is a determination of bound sialic acid, in 

order to obtain batch-to-batch consistency.  When a new batch of mucin was obtained and used 

http://www.arb-silva.de/projects/living-tree/
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for subsequent experiments no further anomalous results were found.  Therefore, it is reasonable 

to suggest that a defective batch of porcine gastric mucin was responsible for the discrepancy 

observed between biological replicates B1/B2 and C1/C2.  

An important aim of this study was to indicate the abilities of various bacterial families 

from the human gut to contribute (or not contribute) to early biofilm formation.  Additionally, we 

wanted to determine if there was a difference in the primary colonizers of an individual donor 

over time (successive donations), and to identify the similarities and differences between the 

primary colonizers of different fecal donors.  The data gathered from donor B (B1 & B2) and C 

(C1 & C2) communities was incorporated with that obtained from donor A in chapter 3 to 

strengthen our findings.  Sequencing data illustrated that two bacterial families, the 

Enterobacteriaceae and the Gammaproteobacteria incertae sedis, were enriched in early biofilm 

formation in all five communities.  The Enterobacteriaceae are a common family of Gram 

negative rod-shaped bacteria that include well characterized genera such as Escherichia, 

Salmonella, Klebsiella, Kluyvera, Enterobacter, Raoultella and Yersinia, among others.  The 

Enterobacteriaceae family contains a number of enteric pathogens and the over-abundance of this 

family in comparison to healthy adults has been implicated in chronic GI diseases, such as 

Crohn’s disease (251, 252). However, not all strains of pathogen-associated genera in the 

Enterobacteriaceae family are pathogenic, and additionally this family contains species 

considered to be important commensals of the healthy human gut microbiota (2, 241).  The 

ability of the Enterobacteriaceae to form biofilms is well documented in the literature and is a 

feature common to many of its members, both pathogenic and commensal (251, 253-258).  This 

is likely due to the presence of well-documented secondary messenger signalling networks 

controlled by small molecules (e.g. cyclic dimeric guanosine monophosphate) that coordinately 
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regulate the transition between planktonic and biofilm lifestyles, as well as appendages often 

associated with biofilm formation, such as fimbriae and/or pili (259-262).  Therefore it is 

reasonable to conclude, as this study has found, that members of the Enterobacteriaceae family 

are involved in the initial stages of biofilm formation in the gut. 

The Gammaproteobacteria incertae sedis is a taxonomically unclassified family 

commonly associated with marine environments and extreme environmental conditions (263-

267).  This family emerged only recently in the current taxonomic nomenclature, and many of its 

members have only been discovered since 2010; some species in this family have been isolated 

from animal and insect guts (268-270).  Members of the Gammaproteobacteria incertae sedis 

family are representative of only a small proportion of the planktonic community (average 

0.04%), however, this work suggests that member species enriched in biofilms may be important 

keystone members of the biofilm structure involved in early biofilm establishment in the human 

gut, and thus they warrant future attention.   

This study also found other bacterial families that were enriched in early biofilm 

formation and common to more than one community.  The Streptococcaceae family was 

common to four out of five communities tested, and although not traditionally associated with 

the healthy human gut microbiome, members of the Streptococcaceae, including various 

Streptococcus and Lactococcus species, are gaining recognition for their probiotic potential in 

the gut (140, 271-274).  The ability of the Streptococcaceae to form biofilms is usually linked 

with pathogenic members of the family because to date, most studies have concentrated on this 

subset of species (275, 276).  However, recent studies have also linked biofilm formation to 

probiotic and commensal members of the family (276-278).  Indeed, members of the 

Streptococcaceae are well documented primary colonizers of oral biofilm communities and 



150 
 

therefore play a fundamental role in oral biofilm formation (64-66).  Coupled with our findings, 

it is important to pursue the investigation of probiotic and commensal members of the 

Streptococcaceae to ascertain their contribution to early biofilm formation in the healthy human 

gut. 

In addition to the Streptococcaceae family, the Bifidobacteriaceae and the 

Lactobacillaceae were present in three out of five communities tested.  Members of the 

Bifidobacteriaceae and Lactobacillaceae families, particularly the genera Bifidobacterium and 

Lactobacillus respectively, are well known as both probiotic microbes and members of the 

normal human gut microbiota.  Certain strains of Bifidobacterium and Lactobacillus have been 

tested for, and have the ability to form, biofilms under in vitro conditions (44, 59, 62, 126). 

However, under in vivo conditions, the ability of these strains to form biofilms, or to incorporate 

with existing gut biofilms, is far less certain (86, 92, 93).  For example, Lactobacillus casei 

ATCC 393 was only able to transiently colonize the GI tract of Wistar rats and therefore daily 

consumption was required in order to maintain the introduced L. casei population (92).  Many 

probiotic isolates have undergone lab adaptation since they were isolated from their original 

habitat, and furthermore some strains did not originate from an animal gut and likely do not have 

the genetic capability to establish themselves in the gut microenvironment.  Isolation of novel 

probiotics from the environment in which they are intended may thus represent a strategy to 

obtain strains with improved performance (167).  For example, in a study published in 2009, 

Fakhry et al. were able to isolate three species of Bifidobacterium and Lactobacillus that were 

tightly adhered to the epithelium of intestinal biopsy samples (279).  In subsequent in vitro 

testing these isolates were able to grow and form biofilms in a simulated intestinal fluid model 

after exposure to gastric conditions and showed no cytotoxicity to HT29 cells (279).  In another 
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study, Toh et al. were able to colonize the gut of gnotobiotic zebrafish with a human gut-derived 

strain of Lactobacillus that out-competed 29 other gut bacteria isolated from the same fecal 

donor to take up residence in the zebrafish gut (61).  These studies, coupled with our findings, 

point toward the potential for certain members of the Bifidobacteriaceae and Lactobacillaceae 

families, particularly those that originate from the gut environment, to play a role in early human 

gut biofilm formation.     

Although this study retrospectively demonstrated a problem with reproducibility for 

biological replicate communities B2 and C2, the primary colonizer biofilm capture model 

described herein yielded some intriguing results.  The primary aim was to determine if there was 

a temporal difference in the primary colonizer biofilm community for an individual donor.  

Although the defective biological replicate communities make conclusions difficult, our findings 

add strength to the utility of the model capture biofilm system itself.  The Enterobacteriaceae, 

Gammaproteobacteria incertae sedis, and to a lesser extent, the Streptococcaceae, 

Bifidobacteriaceae and Lactobacillaceae families were able to contribute to early biofilm 

formation despite the community composition and sometimes drastic differences in bacterial 

family relative abundance.  Our findings suggest that bacterial families that are good biofilm 

formers will function in this capacity in spite of a low relative abundance in the planktonic 

community, as evidenced by the comparatively increased abundance of these families in the 

biofilm communities.  Identification of those bacterial families that contribute to early biofilm 

formation under controllable experimental conditions is a promising step toward understanding 

the primary colonizers of biofilms in the human gut.       

 In contrast to the bacterial families found to be enriched in biofilms, two further families 

Rikenellaceae and Verrucomicrobiaceae, were both identified as being significantly enriched in 
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the planktonic community samples, in three out of the five communities tested, representing all 

three fecal donors.  Members of these families are not known for their biofilm formation, 

however they are noted as being important members of the healthy human gut microbiome (249, 

280, 281).  The two biological replicate communities with divergent communities as described 

above (B2 and C2), were deficient in both of these families, and there was very little similarity in 

terms of their abundance in the planktonic samples of A/B1/C1 in comparison to B2/C2.  In the 

absence of community reproducibility it is difficult to draw too many conclusions about families 

that were statistically higher in planktonic community samples, although the presence of the 

same two families in three separate donors indicates the importance of certain groups of bacteria 

in the healthy human gut microbiota, in common with previous work (249, 280, 281).         

In conclusion, we were able to capture more diverse biofilm growth on silicone tubing 

sections conditioned with spent LS174T medium and/or sIgA-coated beads compared to 

controls.  We also identified bacterial families that are contributors to early biofilm formation in 

three different fecal donors and are potential primary colonizer candidates.  Members of the 

Enterobacteriaceae, Gammaproteobacteria incertae sedis, and to a lesser extent, the 

Streptococcaceae, Bifidobacteriaceae and Lactobacillaceae families were all able to contribute to 

early biofilm formation.  Although the temporal stability of the primary colonizers in an 

individual donor remains to be seen, the robustness of the biofilm model was illustrated, as the 

same families contributing to early biofilm formation were noted in five unique steady state 

communities in this work.  This study also addressed the potential contribution of some bacterial 

families to the planktonic fecal community, where the Rikenellaceae and Verrucomicrobiaceae 

were identified as playing a role in the planktonic community as opposed to the early biofilm 

community.       
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Further understanding the specific roles played by bacterial groups in early biofilm 

formation will aid research aimed at modulating gut communities for therapeutic purposes.  

Armed with this knowledge, clinicians could work to rationally integrate beneficial organisms, 

including novel probiotics, or probiotic ecosystems into the human gut environment, in order to 

encourage their long-term persistence and benefit to the host. 
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Chapter 5 

Assessing the Community Dynamics of 

Defined Gut Microbial Communities 

 

5.1 Introduction: 

 Over the past 20 years there has been an increasing demand from consumers for probiotic 

microorganisms that promote GI health (89, 90).  However the long-term retention of probiotics 

has been widely questioned, since these microbes tend to have only limited interactions with the 

resident GI microbiota prior to being excreted (86, 91).  Accordingly, probiotics must be 

administered in sufficient quantities and frequencies in order to confer potential health benefits 

to the consumer (96, 97).   

 Probiotic therapies are becoming increasingly recognized as viable options for the 

treatment of GI diseases, such as Clostridium difficile infection, and serve as alternatives to 

traditional antibiotic therapies (175).  The ability of a probiotic to permanently colonize the GI 

tract is reliant upon its relationship with the existing microbiota and it is likely that the majority 

of probiotics are sloughed off and expelled because they are species allochthonous to the 

commensal microbiota (91, 97).  One prospective way to improve the resilience and endurance 

of probiotics in the human gut is to provide multiple beneficial microbes that form an ecosystem 

in the host.  In the treatment of GI diseases, multispecies probiotic therapies that aim to re-

establish the microbial ecology of the gut offer promising alternatives to antibiotics, especially in 

the treatment of C. difficile infections which are usually preceded by an antibiotic-induced 
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decrease in microbiota diversity and richness (170).  In 2013, a study published by Petrof et al. 

demonstrated that one dose of a defined community of 33 bacterial strains derived from the feces 

of a healthy donor and delivered via enema was enough to cure two patients suffering from 

recurrent C. difficile infections (167).  Microbiota profiling work indicated that components of 

the delivered ecosystem persisted for at least six months following delivery, suggesting that 

beneficial microbes may be able to colonize the GI tract long term (167).  The success of this 

work raises questions about probiotic microbial community dynamics, such as what ecological 

mechanisms allowed components of this ecosystem to persist and restore microbiota 

functionality.   Ecological theory dictates that if a member of an ecosystem serves a functional 

purpose than it will continue to persist, barring catastrophic consequences to the ecological 

processes in that system (282).  Therefore, in the treatment of GI disease that is itself a 

consequence of a loss of function within the resident ecosystem, if a member of an introduced 

probiotic consortium serves a functional purpose then it should persist in the new ecosystem.  In 

support of this theory, the DEC and MET-1 communities described in chapter 3 reached a similar 

steady state to one another, despite more or less biomass of certain isolates being included in 

each inoculum.  The results of these experiments hinted at the potential to test complex 

ecological theories by modeling defined microbial communities in the chemostat platform.    

 In this study we used the MET defined community to test the hypothesis that two 

microbial communities, each seeded with the same species, but at different relative abundances, 

would reach the same ecological steady state.  MET communities were developed by recovering 

isolates from the fresh feces of two healthy donors, axenically culturing and characterizing them,  

and then creating defined probiotic communities sourced from the isolate pool of each donor that 

were as taxonomically similar as possible to each other (for details on MET community 
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development and preparation see chapter 2, section 2.3).  We used the chemostat model to 

culture each MET community in duplicate.  Downstream analyses consisted of 16S-DGGE, and 

16S rRNA gene sequencing (using the MiSeq Illumina platform) to generate profiles of 

community dynamics and details about community composition at various stages of each 

chemostat run.  We also conducted metabolomic analysis of defined communities using 1D-
1
H 

NMR spectroscopy.  The aims of this study were; (i) to describe defined community dynamics, 

including species richness, diversity and evenness, in a chemostat model; (ii) to create two 

defined MET communities composed of isolates from two healthy fecal donors that were as 

taxonomically similar as possible, and to compare and contrast their compositions at steady state; 

(iii) to compare and contrast the inocula and steady state composition of different defined 

communities (from an individual healthy donor); (iv) to determine the importance of species 

biomass proportions in the starting inocula on the resulting ecological steady state and to 

investigate this in defined communities isolated from different healthy fecal donors. 

 

5.2 Results:     

   Four separate chemostat runs were used for this study, consisting of two vessels each; 

MET-2 (A & B), MET-2 (C & D), MET-3 (A & B) and MET-3 (C & D).  MET-2 and MET-3 

were composed of 32 bacterial isolates from healthy fecal donor A and C, respectively.  MET-2 

A/C & B/D communities are biological replicates, whereby A & C consisted of the same starting 

species and biomass proportions and B & D consisted of the same starting species and biomass 

proportions (Figure 5.1).    Similarly, MET-3 A/C & B/D are biological replicates, whereby A & 

C consisted of the same starting species and biomass proportions and B & D consisted of the  
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Figure 5.1 a) MET-2 communities were composed of 32 bacterial isolates sourced from donor A 

feces.  b) MET-2A & B defined communities consisted of the same starting species but included 

in different biomass proportions.  c) MET-2A & B defined communities were used to inoculate 

chemostat vessels and were cultured for 24 days.  d) The experiment was repeated, where MET-

2C is the biological replicate of MET-2A and MET-2D is the biological replicate of MET-2B, 

respectively.  The same approach was applied to the MET-3 communities. 
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same starting species and biomass proportions.  MET-2C & D were cultured four months after 

MET-2A & B and MET-3C & D were cultured two months after MET-3A & B.  All MET 

communities were cultured in the chemostat for a total of 24 days each and 16S-DGGE 

community analysis was conducted on samples taken every other day from the planktonic 

community. 

 

5.2.1 Determining steady state for MET-2 (A-D) and MET-3 (A-D) defined communities    

 Moving window analysis of 16S-DGGE profiles was performed on samples obtained 

from MET-2 (A-D) and MET-3 (A-D) defined communities in order to determine the amount of 

time required for communities to reach a steady state composition.  %SI values were generated 

on samples taken every other day from each community.  Cut-off thresholds were calculated by 

comparing the similarity of three identical standard DGGE ladder profiles within the same 

DGGE gel.  In theory, standard ladder samples should be identical (i.e. generate a rate-of-change 

value of 0), however due to the common variations in the gradient across the width of the gel, or 

experimental error associated with the technique, in practice these values are always greater than 

0 (183).  Communities were defined as having achieved steady state once rate-of-change values 

remained below or within 5% of the gel-defined cut-off threshold (183). 

 Rate-of-change values for MET-2 and MET-3 communities all fell below the gel-defined 

cut-off threshold by day 16 post-inoculum, fluctuating on average between 4.8-7.3% and 8.1-

10.2% below the cut-off threshold, respectively (Figures 5.4a and 5.5a).  Measures of community 

richness and diversity also stabilized by day 16 post-inoculum for all communities (Figures 5.2a- 
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Figure 5.2 16S-DGGE community analysis of MET-2 (A-D) chemostat runs.  a) Plot of 

community band richness.  b) Plot of Shannon’s diversity Index.  c) Plot of Shannon’s 

equitability index.  Gel-specific rate-of-change cut-off thresholds were removed for 

simplification purposes. 
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Figure 5.3 16S-DGGE community analysis of MET-3 (A-D) chemostat runs.  a) Plot of 

community band richness.  b) Plot of Shannon’s diversity Index.  c) Plot of Shannon’s 

equitability index.  Gel-specific rate-of-change cut-off thresholds were removed for 

simplification purposes. 
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Figure 5.4 16S-DGGE community analysis of MET-2 (A-D) chemostat runs.  a) Plot of moving 

window correlation analysis illustrating the rate-of-change values.  b) Plot of correlation  

coefficients (expressed as percentages) comparing the profiles of each community at identical 

time points. 
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Figure 5.5 16S-DGGE community analysis of MET-3 (A-D) chemostat runs.  a) Plot of moving 

window correlation analysis illustrating the rate-of-change values.  b) Plot of correlation  

coefficients (expressed as percentages) comparing the profiles of each community at identical 

time points. 
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c and 5.3a-c), indicating that steady state had been attained.  Species richness, Shannon 

diversity and equitability indices for the MET-2 communities experienced minimal fluctuation 

upon reaching steady state for the remainder of the runs  (S ± 0.22-0.44, H’ ± 0.02-0.04, EH’ ± 

0.005-0.01).  Similarly, the MET-3 communities also experienced minimal fluctuation in species 

richness, Shannon diversity and equitability indices once steady state was attained (S ± 0.0-0.22, 

H’ ± 0.01-0.05, EH’ ± 0.004-0.01).    

 

5.2.2 Comparing biological replicates of MET-2 and MET-3 defined communities 

 MET-2 A/C and B/D communities were run as biological replicates, where A & B were 

run four months apart from C & D.  MET-3 communities were run using a similar schedule, 

except biological replicates were run two months apart.  In addition to using 16S-DGGE for 

community analysis, 16S rRNA gene sequencing was conducted on samples taken on Days 0 

(inocula), 6, 12, 18 and 24 for all runs.  For biological replicates, the inocula for MET-2 A/C and 

B/D communities were 89.0% and 88.4% similar, respectively (Table 5.1), whereas for the 

MET-3 A/C and B/D communities were 84.8% and 90.1% similar, respectively (Table 5.4).  

These data were reinforced by PCA which grouped MET-2 and MET-3 biological replicate 

inocula together (Figures 5.6 and 5.7).       

 16S-DGGE-generated correlation coefficients comparing community profiles at identical 

time points revealed that MET-2 and MET-3 biological replicate communities remained above 

their respective gel-defined cut-off points by day 4 post-inoculum (Figures 5.4b and 5.5b).  

Sequencing data showed that upon achieving steady state, biological replicate communities 

MET-2 A/C and B/D were an average 99.0% and 99.7% similar, and MET-3 A/C and B/D 
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Table 5.1 %SI correlation coefficient values generated from 16S rRNA gene sequencing data comparing samples taken of MET-2 (A-

D) communities on day 0 of their respective chemostat runs, where MET-2A & C are biological replicates and MET-2B & D are 

biological replicates. 

 MET-2A Day 0 MET-2B Day 0 MET-2C Day 0 MET-2D Day 0 

MET-2A Day 0 100    

MET-2B Day 0 82.1 100   

MET-2C Day 0 89.0 64.7 100  

MET-2D Day 0 74.8 88.4 73.7 100 

 

Table 5.2 %SI correlation coefficient values generated from 16S rRNA gene sequencing data comparing samples taken of MET-2 (A-

D) communities on day 18 of their respective chemostat runs. 

 MET-2A Day 18 MET-2B Day 18 MET-2C Day 18 MET-2D Day 18 

MET-2A Day 18 100    

MET-2B Day 18 97.1 100   

MET-2C Day 18 99.2 93.7 100  

MET-2D Day 18 97.3 99.6 93.8 100 

 

Table 5.3 %SI correlation coefficient values generated from 16S rRNA gene sequencing data comparing samples taken of MET-2 (A-

D) communities on day 24 of their respective chemostat runs. 

 MET-2A Day 24 MET-2B Day 24 MET-2C Day 24 MET-2D Day 24 

MET-2A Day 24 100    

MET-2B Day 24 99.4 100   

MET-2C Day 24 98.9 96.6 100  

MET-2D Day 24 98.4 99.8 99.7 100 
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Table 5.4 %SI correlation coefficient values generated from 16S rRNA gene sequencing data comparing samples taken of MET-3 (A-

D) communities on day 0 of their respective chemostat runs, where MET-3A & C are biological replicates and MET-3B & D are 

biological replicates. 

 MET-3A Day 0 MET-3B Day 0 MET-3C Day 0 MET-3D Day 0 

MET-3A Day 0 100    

MET-3B Day 0 68.5 100   

MET-3C Day 0 84.8 53.2 100  

MET-3D Day 0 63.2 90.1 62.1 100 

 

Table 5.5 %SI correlation coefficient values generated from 16S rRNA gene sequencing data comparing samples taken of MET-3 (A-

D) communities on day 18 of their respective chemostat runs. 

 MET-3A Day 18 MET-3B Day 18 MET-3C Day 18 MET-3D Day 18 

MET-3A Day 18 100    

MET-3B Day 18 99.3 100   

MET-3C Day 18 99.8 99.4 100  

MET-3D Day 18 99.7 99.6 99.9 100 

 

Table 5.6 %SI correlation coefficient values generated from 16S rRNA gene sequencing data comparing samples taken of MET-3 (A-

D) communities on day 24 of their respective chemostat runs. 

 MET-3A Day 24 MET-3B Day 24 MET-3C Day 24 MET-3D Day 24 

MET-3A Day 24 100    

MET-3B Day 24 99.7 100   

MET-3C Day 24 99.1 99.5 100  

MET-3D Day 24 99.8 99.4 99.0 100 
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Figure 5.6 PCA based on 16S rRNA gene sequencing data of MET-2 (A-D) community 

samples. 
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Figure 5.7 PCA based on 16S rRNA gene sequencing data of MET-3 (A-D) community 

samples.
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communities were an average of 99.5% and 99.4% similar, respectively (Tables 5.2, 5.3, 5.5 & 

5.6).  In addition, these biological replicate samples grouped together by PCA and had similar 

relative abundance profiles (Figures 5.6-5.9).  The Shannon diversity and equitability indices 

were also comparable for biological replicate steady state communities (Table 5.7). 

 

5.2.3 Do MET-2 and MET-3 defined communities reach the equivalent steady state? 

 Inocula samples for MET-2 (A-D) communities were between 64.7 & 89.0% similar to 

one another by 16S rRNA gene sequencing analysis (Table 5.1), whereas MET-3 (A-D) 

inoculum community samples expressed a greater range of similarity to one another, between 

53.2 & 90.1% similar (Table 5.4).  However, 16S-DGGE-generated correlation coefficients 

comparing community profiles at identical time points revealed that all MET-2 and MET-3 

communities remained above their respective gel-defined cut-off points by day 4 and day 16 

post-inoculum, respectively (Figures 5.4b and 5.5b).  Dendrograms generated from 16S-DGGE 

correlation coefficients grouped steady state samples from days 22-24 together, further 

demonstrating MET-2 and MET-3 community similarity, respectively (Figures D.1 and D.2).  

Community richness, Shannon diversity and equitability indices were also comparable by steady 

state in all MET-2 and MET-3 communities, respectively (Figures 5.2 and 5.3, Table 5.7).  In 

addition, all steady state MET-2 communities were a minimum of 93.7% similar to one another; 

and all steady state MET-3 communities were a minimum of 99.0% similar to one another, by 

16S rRNA gene sequence profiling (Tables 5.2, 5.3, 5.5 & 5.6).  Upon reaching steady state, all 

MET-2 community profiles were similar when analysed using both 16S-DGGE and 16S rRNA 

gene sequence profiling techniques (Figures 5.8 and 5.10), and this finding was also observed for 
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all MET-3 community profiles (Figures 5.9 and 5.11).  These results were reinforced by PCA 

plots that grouped MET-2 and MET-3 steady state communities together, respectively (Figures 

5.6 and 5.7).  Furthermore, sequencing data revealed that there was no significant difference 

(where P < 0.05) between the relative abundances of bacterial genera in A/C versus B/D 

biological replicate communities for either MET-2 or MET-3 (Table 5.9).  MET-2 steady state 

communities were enriched in Bacteroides (P = <0.0001) and Parabacteroides (P = 0.02) in 

comparison to inocula communities: MET-3 steady state communities were enriched in 

Bacteroides (P = <0.0001), Flavonifractor (P = <0.0001) and Phascolarctobacterium (P = 

<0.0001) in comparison to inocula communities (Table 5.8). 

 

5.2.4 Comparing and contrasting MET-2 and MET-3 steady state communities 

 Sequencing analysis revealed that samples of the inocula for MET-2 and MET-3 

communities were an average of 92.1% similar at the phylum level and grouped closely together 

by PCA (Figure 5.12), although at the genus level, MET-2 and MET-3 communities were on 

average 53.3% similar and grouped separately from one another by PCA (Figure 5.13).  

However, upon reaching steady state the MET-2 and MET-3 communities, even though they had 

been sourced from different fecal donors, were an average of 97.0% similar and grouped tightly 

together by PCA at the phylum level (Figure 5.12).  A comparison between the different MET 

steady state communities demonstrated that there was no significant difference between the 

relative abundance of Proteobacteria, Bacteroides or Firmicutes; however there was a significant 

difference (P = 0.02) between the Actinobacteria (Table 5.10).  Analysis at the genus level 

showed that MET-2 and MET-3 steady state communities were an average of 86.2% similar and 
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Figure 5.8 The relative abundance (%) of bacterial genera in the inocula (Day 0) and steady state (Day 24) communities of MET-2 

(A-D) based on 16S rRNA gene sequencing data. 



171 
 

 

Figure 5.9 The relative abundance (%) of bacterial genera in the inocula (Day 0) and steady state (Day 24) communities of MET-3 

(A-D) based on 16S rRNA gene sequencing data. 
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Table 5.7 Shannon diversity and equitability indices for MET-2 (A-D) and MET-3 (A-D) 

inoculum (Day 0) and steady state communities based on 16S rRNA gene sequencing results.  

Results from Days 18 and 24 were averaged for the steady state analysis. 

 

Donor 

 

Type of Community H’ EH’ 

MET-2A 
Inoculum 5.45 0.51 

Steady State 3.55 0.31 

    

MET-2B 
Inoculum 5.49 0.50 

Steady State 3.52 0.32 

    

MET-2C 
Inoculum 5.29 0.49 

Steady State 3.53 0.33 

    

MET-2D 
Inoculum 5.49 0.51 

Steady State 3.58 0.32 

    

MET-3A 
Inoculum 5.41 0.49 

Steady State 3.77 0.33 

    

MET-3B 
Inoculum 5.30 0.45 

Steady State 3.74 0.34 

    

MET-3C 
Inoculum 5.33 0.54 

Steady State 3.74 0.34 

    

MET-3D 
Inoculum 5.38 0.51 

Steady State 3.74 0.34 
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Figure 5.10 A comparison of 16S-DGGE profiles of MET-2 (A-D) communities at the time of 

inoculation (Day 0) and steady state (Day 24).  Although MET-2 communities reached steady 

state prior to Day 24, it is used as a representation for all steady state profiles.  

 

 

 

 

 

 

Lane a – MET-2A Day 0 

Lane b – MET-2B Day 0 

Lane c – MET-2C Day 0 

Lane d – MET-2D Day 0 

Lane e – MET-2A Day 24 

Lane f – MET-2B Day 24 

Lane g – MET-2C Day 24 

Lane h – MET-2D Day 24 
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Figure 5.11 A comparison of 16S-DGGE profiles of MET-3 (A-D) communities at the time of 

inoculation (Day 0) and steady state (Day 24).  Although MET-3 communities reached steady 

state prior to Day 24, it is used as a representation for all steady state profiles. 

 

 

 

 

 

 

Lane a – MET-3A Day 0 

Lane b – MET-3B Day 0 

Lane c – MET-3C Day 0 

Lane d – MET-3D Day 0 

Lane e – MET-3A Day 24 

Lane f – MET-3B Day 24 

Lane g – MET-3C Day 24 

Lane h – MET-3D Day 24 
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Table 5.8 The relative abundance of bacterial genera that are statistically higher in either inocula (Day 0) or steady state MET-2 and 

MET-3 community samples based on 16S rRNA gene sequencing data.  Values in bold and highlighted in green have a statistically 

higher (P < 0.05) average relative abundance in either the inoculum or steady state community.  Values for days 18 and 24 (steady 

state) for each community have been averaged. 

Community 
Bacterial Genus 

and/or Family 

Average Relative 

Abundance 

(Inoculum) 

Standard 

Deviation 

Average Relative 

Abundance 

(Steady State) 

Standard 

Deviation 
P-value 

MET-2 

Escherichia 0.03 0.02 0.001 0.004 0.19 

Raoultella 0.05 0.02 0.005 0.003 0.03 

Bifidobacterium 0.11 0.01 0.002 0.001 0.0005 

Collinsella 0.02 0.02 0.004 0.003 0.07 

Bacteroides 0.07 0.03 0.52 0.07 <0.0001 

Parabacteroides 0.09 0.01 0.14 0.04 0.02 

Eubacterium 0.22 0.02 0.18 0.07 0.13 

Faecalibacterium 0.02 0.01 0.04 0.01 0.08 

Roseburia 0.08 0.003 0.05 0.02 0.0006 

Dorea 0.12 0.06 0.005 0.001 0.04 

Blautia 0.10 0.06 0.006 0.005 0.05 

Clostridium 0.003 0.003 0.003 0.002 0.74 

Lactobacillus 0.02 0.01 0.00003 0.00002 0.05 

Streptococcus 0.02 0.002 0.00006 0.00002 0.0006 

Acidaminococcus 0.05 0.03 0.03 0.008 0.39 

       

MET-3 

Escherichia 0.0002 0.0001 0.00005 0.00003 0.04 

Parasutterella 0.05 0.04 0.02 0.002 0.16 

Bifidobacterium 0.06 0.03 0.0002 0.0001 0.04 

Microbacterium 0.003 0.004 0.0002 0.0001 0.31 

Adlercreutzia 0.12 0.05 0.02 0.01 0.03 

Micrococcus 0.003 0.003 0 - 0.12 

Collinsella 0.0004 0.0001 0.0001 0.0001 0.03 

Bacteroides 0.09 0.05 0.59 0.03 <0.0001 
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Community 
Bacterial Genus 

and/or Family 

Average Relative 

Abundance 

(Inoculum) 

Standard 

Deviation 

Average Relative 

Abundance 

(Steady State) 

Standard 

Deviation 
P-value 

MET-3 

Parabacteroides 0.16 0.01 0.11 0.02 <0.0001 

Eubacterium 0.13 0.05 0.09 0.01 0.20 

Blautia 0.10 0.04 0.0002 0.0001 0.01 

Roseburia 0.06 0.02 0.004 0.002 0.02 

Dorea 0.10 0.08 0.009 0.002 0.09 

Clostridium 0.001 0.0003 0.0001 0.00004 0.03 

Streptococcus 0.05 0.02 0.0001 0.0001 0.02 

Bacillus 0.04 0.02 0.00003 0.00005 0.05 

Coprococcus 0.00002 0.00003 0.00001 0.00002 0.54 

Flavonifractor 0.03 0.02 0.15 0.03 <0.0001 

Phascolarctobacterium 0.002 0.001 0.01 0.002 <0.0001 
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Table 5.9 Comparing the average relative abundance of bacterial genera present in steady state 

MET-2 and MET-3 biological replicate communities calculated from 16S rRNA gene 

sequencing data.  Values for days 18 and 24 (steady state) for each community have been 

averaged.   

Bacterial Genus 

Average Relative 

Abundance (Steady 

State) 

Standard Deviation 

P-value 

MET-2 

A/C 

MET-2 

B/D 

MET-2 

A/C 

MET-2 

B/D 

Escherichia 0.01 0.01 0.004 0.003 0.50 

Raoultella 0.007 0.004 0.004 0.001 0.25 

Bifidobacterium 0.002 0.002 0.001 0.001 0.98 

Collinsella 0.004 0.004 0.005 0.003 0.93 

Bacteroides 0.51 0.54 0.07 0.08 0.57 

Parabacteroides 0.16 0.13 0.07 0.01 0.54 

Eubacterium 0.18 0.17 0.09 0.05 0.86 

Faecalibacterium 0.03 0.04 0.01 0.02 0.45 

Roseburia 0.05 0.04 0.02 0.02 0.46 

Dorea 0.004 0.005 0.001 0.001 0.28 

Blautia 0.006 0.006 0.005 0.005 0.92 

Clostridium 0.002 0.003 0.002 0.002 0.89 

Lactobacillus 0.00002 0.00003 0.00002 0.00002 0.61 

Streptococcus 0.00005 0.00007 0.00001 0.00002 0.21 

Acidaminococcus 0.03 0.03 0.01 0.01 0.75 

Bacterial Genus 

Average Relative 

Abundance (Steady 

State) 

Standard Deviation 

P-value 

MET-3 

A/C 

MET-3  

B/D 

MET-3 

A/C 

MET-3  

B/D 

Escherichia 0.00004 0.00006 0.00001 0.00002 0.35 

Parasutterella 0.02 0.02 0.003 0.002 0.35 

Bifidobacterium 0.0001 0.0002 0.0001 0.0001 0.14 

Microbacterium 0.0001 0.0002 0.0001 0.0002 0.66 

Adlercreutzia 0.02 0.01 0.01 0.01 0.46 

Micrococcus 0 0 - - - 

Collinsella 0.0001 0.0002 0.0001 0.0001 0.39 

Bacteroides 0.60 0.57 0.03 0.03 0.24 

Parabacteroides 0.10 0.12 0.01 0.02 0.34 

Eubacterium 0.09 0.09 0.01 0.01 0.96 

Blautia 0.0001 0.0002 0.0001 0.0001 0.09 

Roseburia 0.004 0.004 0.002 0.002 0.81 

Dorea 0.01 0.01 0.002 0.001 0.23 

Clostridium 0.0001 0.0001 0.00002 0.00005 0.38 

Streptococcus 0.0001 0.0001 0.00002 0.00005 0.30 

Bacillus 0.00002 0.00005 0.00002 0.00006 0.47 

Coprococcus 0 0.00002 - 0.00004 0.39 

Flavonifractor 0.14 0.16 0.03 0.02 0.24 

Phascolarctobacterium 0.01 0.01 0.001 0.002 0.75 
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Figure 5.12 PCA based on 16S rRNA gene sequencing of MET-2 and MET-3 inocula (Day 0) 

and steady state (Days 18 & 24) community samples.  Analysis was carried out at the phylum-

level. 
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Figure 5.13 PCA based on 16S rRNA gene sequencing of MET-2 and MET-3 inocula (Day 0) 

and steady state (Days 18 & 24) community samples.  Analysis was carried out at the genus-

level. 
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Table 5.10 Comparing the average relative abundance of bacterial phyla/genera in MET-2 and 

MET-3 communities at steady state based on 16S rRNA gene sequencing data.  Values in bold 

and highlighted in green have a statistically higher (P < 0.05) average relative abundance in one 

or the other set of communities.  Values for days 18 and 24 (steady state) for each community 

have been averaged.   

Bacterial Phylum 

Average Relative 

Abundance (Steady 

State) 

Standard Deviation 
P-value 

MET-2 MET-3 MET-2 MET-3 

Proteobacteria 0.02 0.02 0.002 0.002 0.06 

Actinobacteria 0.01 0.02 0.003 0.01 0.02 

Bacteroidetes 0.68 0.70 0.04 0.03 0.45 

Firmicutes 0.31 0.27 0.03 0.03 0.26 

Bacterial Genus 

Average Relative 

Abundance (Steady 

State) 

Standard Deviation 
P-value 

MET-2 MET-3  MET-2 MET-3  

Escherichia 0.01 0.0001 0.004 0.00003 <0.0001 

Raoultella 0.01 0 0.003 - 0.002 

Parasutterella 0 0.02 - 0.002 <0.0001 

Bifidobacterium 0.002 0.0002 0.001 0.0001 0.0002 

Microbacterium 0 0.0002 - 0.0001 0.01 

Adlercreutzia 0 0.02 - 0.01 0.003 

Micrococcus 0 0 - - - 

Collinsella 0.004 0.0001 0.003 0.0001 0.02 

Bacteroides 0.52 0.59 0.07 0.03 0.05 

Parabacteroides 0.14 0.11 0.05 0.02 0.08 

Eubacterium 0.18 0.09 0.07 0.01 0.01 

Faecalibacterium 0.04 0 0.01 - <0.0001 

Roseburia 0.05 0.004 0.02 0.002 0.0001 

Dorea 0.005 0.009 0.001 0.002 <0.0001 

Blautia 0.006 0.0002 0.005 0.0001 0.01 

Clostridium 0.003 0.0001 0.002 0.00004 0.02 

Lactobacillus 0.00003 0 0.00002 - 0.01 

Streptococcus 0.0001 0.0001 0.00002 0.0001 0.17 

Bacillus 0 0.00003 - 0.00004 0.07 

Coprococcus 0 0.00001 - 0.00003 0.35 

Flavonifractor 0 0.15 - 0.03 <0.0001 

Phascolarctobacterium 0 0.01 - 0.002 <0.0001 

Acidaminococcus 0.03 0 0.01 - <0.0001 
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grouped adjacent to one another by PCA (Figure 5.13). In addition, 8 out of the 11 genera that 

were common to both MET-2 and MET-3 had a significantly higher relative abundance in one or 

the other community (Table 5.10).  In comparison, community richness, Shannon diversity and 

equitability indices were similar by steady state for all MET-2 and MET-3 communities (Table 

5.7). 

 

5.2.5 1D-
1
H NMR analysis of MET-2 and MET-3 defined communities 

 Samples taken on days 6, 14 and 20 from chemostats containing MET-2 and MET-3 

communities were analyzed by 1D-
1
H NMR spectroscopy to determine their metabolic profiles.  

Each community profile consisted of 41 compounds, where the compound identity assigned to a 

specific signal was considered to be of high confidence.  The structure of the metabolic profiles 

across MET-2 and -3 communities, regardless of the starting biomass, consisted of: amino acids 

and amino acid derivatives (41.5%), fatty acids (14.6%) and carbohydrates (9.7%) comprised the 

majority of identified compounds. However, when weighted to compound concentrations, fatty 

acids dominated in the profiles, followed by alcohol compounds, dicarboxylic acids and amino 

acids (Table 5.11).  Specifically, acetate and butyrate were the principle short chain fatty acids 

produced by all MET communities.  Also, the metabolite structures were similar across all MET 

populations when the compound classes were weighted to the compound concentrations: ~70-

80% fatty acids, ~10-15% alcohols, ~2-4% amino acid and derivatives, and ~0.01-4% carboxylic 

acids (Table 5.11).  The metabolite profiles of A/C and B/D communities were also similar as 

demonstrated by the total concentration of the metabolite profiles (Table 5.12) and visualized by 

box plots (Figure 5.14) and PCA (Figure 5.15).  PCA variation was mostly explained as an effect 
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Table 5.11 Compound classes identified in MET-2 and MET-3 communities weighted to 

concentrations based on 1D-
1
H NMR data.  Values are presented as the percentage (%) of each 

compound class in the metabolite profiles and were calculated as the sum of the concentration of 

compounds in each compound class divided by the sum of concentrations of all compounds in 

the metabolite profile.  The average values obtained between each set of communities is shown. 

Compound 

Class 
MET-2 (A & C) MET-2 (B & D) MET-3 (A & C) MET-3 (B & D) 

Fatty acid 71.30 72.11 80.61 82.32 

Alcohol 15.24 14.67 12.18 10.47 

Dicarboxylic 

acid 
4.74 4.10 0.01 0.01 

Amino acid 3.88 4.36 2.98 3.10 

Sugar alcohol 3.11 2.84 2.68 2.54 

Carbohydrate 1.10 1.09 0.49 0.44 

Hydroxy acid 0.21 0.22 0.19 0.20 

Aromatic acid 0.13 0.15 0.12 0.11 

Pyramidine 0.09 0.09 0.10 0.10 

Urea 0.07 0.23 0.35 0.45 

Aliphatic & Aryl 

Amine 
0.07 0.08 0.21 0.21 

Quaternary 

Amine 
0.07 0.06 0.10 0.10 
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Table 5.12 The total concentrations of the metabolite profiles for MET-2 and MET-3 defined 

communities based on 1D-
1
H NMR data.  Total metabolite concentrations are the average values 

obtained for Day 6, 14 and 20 samples. 

Community Total Metabolite Concentration (mM) 

MET-2A 415.45 

MET-2B 403.03 

MET-2C 429.22 

MET-2D 400.93 

MET-3A 471.63 

MET-3B 467.31 

MET-3C 479.41 

MET-3D 452.65 
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Figure 5.14 Box plots comparing the individual metabolites present in MET-2 and MET-3 

communities based on 1D-
1
H NMR data.  The whiskers on each box plot represent the minimum 

and maximum of the dataset, the edges of the box represent the first and third quartiles while the 

line within the box represents the median of the dataset.  
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Figure 5.15 PCA of MET-2 (A-D) and MET-3 (A-D) defined community metabolite profiles 

based on 1D-
1
H NMR data.  All samples from each community were included in this analysis 

(Days 6, 14 & 20). 
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of different donor populations (i.e. MET-2 versus MET-3) and, to a smaller extent, different 

bioreactor runs (A/B versus C/D).  Separation based on biomass proportions of the inocula was 

not observed. 

   

5.3 Discussion: 

An important aim of this study was to determine if defined communities containing the 

same species, but present in different starting biomass proportions, reached the same ecological 

steady state and to illustrate that this concept was true for defined communities sourced from 

different healthy fecal donors.  16S-DGGE was coupled with 16S rRNA gene sequencing to 

elucidate information about the microbial community dynamics of single stage chemostat 

cultures.  Chemostats containing MET-2 (A/C & B/D) and MET-3 (A/C & B/D) biological 

replicate communities were the same by day 4 post-inoculum and all defined communities 

reached and maintained steady state by day 16 post-inoculum.  These results support 

observations made previously, where chemostats were successfully used to cultivate reproducible 

and stable biological replicate communities (183).  In addition, 16S-DGGE and sequencing data 

demonstrated that all MET-2 (A-D) communities were the same by day 4 post-inoculum.  The 

same conclusion was also made for all MET-3 (A-D) communities however it took until day 16 

post-inoculum.  This was achieved in spite of the lack of similarity of starting inocula and/or 

biomass proportions of A/C and B/D MET communities (Tables 5.1 and 5.4).  Also, due to poor 

growth, three isolates from MET-2 (Bifidobacterium adolescentis 11FAA, Eubacterium 

ventriosum 47FAA and Clostridium sp. 21FAA) and three from MET-3 (Ruminococcus albus I-

23D5, Eubacterium ventriosum I-8MRS and Adlercreutzia equolifaciens I-11TSAB) were 
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included in smaller biomass proportions in C/D than A/B communities.  The steady state 16S-

DGGE profiles of MET-2A and C have one band that is not in common with MET-2B and D 

(Figure 5.10).  The sequencing results revealed that representatives of the genus Eubacterium 

have a slightly higher, although not statistically significant, relative abundance in the MET-2A 

and C communities (Table 5.9).  Since there are six different species of Eubacterium in MET-2, 

it is possible that one or more of these species are enriched in the A/C communities, resulting in 

the presence of an extra band in the 16S-DGGE profiles compared to those of the B/D 

communities.  However, it was not possible to distinguish individual strains based on the short 

reads generated through our sequencing analysis.  This problem was partly caused by technical 

limitations of sequencing design; at the time of analysis, primers encompassing the V6 region of 

the 16S rRNA gene alone were thought to capture sufficient phylogenetic information for our 

purposes (246-248).  Recently, more in-depth studies of the taxonomic limitations of the V6 

region indicate that species-level resolution across this region is difficult and using primers that 

encompass a different region, or multiple regions of the 16S rRNA gene could be a focus of 

future experiments with MET communities (167, 244, 245).  Nevertheless, MET-2 (A-D) and 

MET-3 (A-D) reached the same steady state, suggesting that those components of the ecosystem 

that serve a functional purpose persisted, whilst those that did not were either removed from the 

system entirely or were shifted towards their appropriate carrying capacity in that ecosystem.  

This is important knowledge going forward in the treatment of both chronic and acute GI 

disorders, where restoring the functionality of the microbiota would be preferable to antibiotic 

treatments that cause well-documented collateral damage to the gut ecosystem with potentially 

unknown effects on long-term GI health (283-285).  Microbial ecosystem therapeutics and fecal 

bacteriotherapy (or fecal transplants) offer effective alternatives to traditional antibiotics, 
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particularly for diseases such as recurrent C. difficile infections where antibiotics are no longer 

effective (167, 175, 286).  Our results, coupled with research examining the gut microbiota 

dynamics of patients following bacteriotherapy, are important in understanding therapies that 

modulate the gut microbiota (287). 

In addition to 16S-DGGE and 16S rRNA gene sequencing, 1D-
1
H NMR was used to 

analyze MET-2 and -3 communities to ascertain their metabolic profiles.  Metabolite profiles of 

all MET-2 communities were similar to one another in structure, in that the profiles were mostly 

comprised of amino acids, fatty acids, alcohols and carboxylic acids.  These results were also 

consistent between the MET-3 communities and complement 16S-DGGE and 16S rRNA gene 

sequencing data that demonstrated how MET-2 and -3 communities reached the same steady 

state, respectively, despite the varying starting biomass of the isolates in each community.  

Acetate and butyrate were the principle short chain fatty acids produced by all MET 

communities; this is consistent with previous research that investigated the metabolites produced 

by the gut microbiota present in feces and signified the breakdown of starch by gut bacteria (79, 

288).  Indeed, previous work has shown that the production of several metabolites is directly 

correlated with the chemical composition of the growth substrate used and this, in turn, suggests 

why diet is considered to be the major driver of change in microbiota diversity and community 

structure; the gut microbiome shifts to accommodate alternative nutrient acquisition strategies 

and availability (12, 13, 79).  With continuing metatranscriptomics, metabolomics and 

metaproteomics research we are beginning to understand the functional capacity of the human 

gut during periods of health and disease or dysbiosis (51, 289-291).  Research conducted by 

members of the Human Microbiome Project Consortium and others illustrate that unlike 

microbial taxa, there are several ubiquitous functional metabolic host- and microbiota-associated 
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pathways that are common amongst individuals and even among different body sites (16).  

Indeed, the concept that microbial community structure is less important to the ecosystem than its 

functional capacity is applicable to microbial communities external to the human gut, including 

soil and water microbial populations (292-295). Large-scale metaproteomic and metabolomic 

studies involving cohorts that explore differences in age, gender, ethnicity and geographic 

locations are still required to allow us to build reference databases of both host and microbiota-

associated components (296).   

Sequencing indicated that the steady state communities of MET-2 and MET-3 were both 

enriched in Bacteroides compared to the inocula.  Indeed, upon achieving steady state, 

Bacteroides composed an average of 52.0% and 59.0% of MET-2 and -3 communities, 

respectively.  When considered in combination with Parabacteroides, the only other member of 

the Bacteroidetes present in both MET communities, this phylum composed 68.0% and 70.0% of 

MET-2 and -3 steady state communities, respectively (Table 5.10).  The enrichment of members 

of the Bacteroidetes in the MET ecosystems is consistent with previous observations in 

chemostat models seeded with a fecal inoculum, where communities were similarly enriched in 

members of the Bacteroidetes (19, 183, 203).  This ecosystem bias is not limited to chemostat 

models; a shift towards members of the Bacteroidetes has been observed in in vivo rodent models 

seeded with human feces and was dependent upon diet and the specific experimental rodent line 

used (226, 227).  The gut microbiota of individuals in the western world tends to be dominated 

by members of the Firmicutes phylum (14, 70).  However, differences in the ratio of 

Bacteroidetes to Firmicutes have recently been shown to be closely correlated with diet, where 

vegetarians and individuals with a high-fibre, low-fat diet (e.g. rural African diet) tended to be 

higher in Bacteroidetes (12, 297, 298).  In our study, MET-2 was isolated from a donor with a 
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vegetarian diet and MET-3 from a donor with an omnivorous diet.  Although beyond the scope of 

this study, the effect of different culture media on the steady state composition of both defined 

community and fecal inocula in chemostat models warrants further investigation. 

Another important objective of this study was to create two defined MET communities 

from the feces of two healthy donors that were each composed of isolates that were as 

taxonomically similar as possible, and then to compare and contrast their steady state 

compositions as well as their community dynamics, including species richness, diversity and 

evenness, using the chemostat model.  We used biomass ratios of the isolates in MET-2 and 

MET-3 communities which approximated the biomass ratios of related bacterial groups reported 

in healthy human stool samples (167, 299).  Analysis at the phylum level demonstrated the 

overall similarity of the MET communities at steady state, the exception being the Actinobacteria 

phylum, which was enriched in MET-3 compared to MET-2 communities (Table 5.10).  

However, overall the Actinobacteria comprised a small proportion of the MET steady state 

communities (1.0-2.0%) having only a minor impact on their overall similarity.  At the genus 

level, MET-2 and -3 communities were less similar than at the phylum level, which was not 

surprising since, whilst we matched genera as far as possible, in some cases we had to resort to 

closely related genera in order to build representative ecosystems. However, despite this, 8 out of 

the 11 genera that were common to both MET-2 and MET-3 had a significantly higher relative 

abundance in one or the other community, suggesting the significance of established, potentially 

donor-specific, inter-microbe interactions (Table 5.10) (167, 239, 300).  Measures of community 

richness and diversity were also comparable by steady state between the MET communities 

(Table 5.7).  Richness plots indicated that there were approximately 37 and 42 bands in MET-2 

and MET-3 16S-DGGE profiles, respectively (Figures 5.2a and 5.3a), and clearly demonstrated 



192 
 

that some isolates in each community donated more than one band to the overall profile, which is 

not unexpected (11, 208, 214, 301, 302).  Shannon diversity and evenness indices for all MET 

defined communities were also stable upon reaching steady state (H’ ± 0.25 & EH’ ± 0.03).  In 

comparison to the inocula, diversity and evenness in all MET communities had decreased by the 

time steady state was achieved (Table 5.7).  This observation is consistent with findings when 

other defined microbial communities were used in both in vitro and in vivo models (227, 303-

305).  For example, researchers who transplanted a defined community of human gut bacteria 

derived from feces into germ-free rat and mouse models observed a decrease in gut community 

diversity and evenness in comparison to the inoculum as steady state was achieved (227).  

Metabolite profiles were also similar for both MET-2 and MET-3, with comparable weighted 

compound concentrations seen (Table 5.11),  although these profiles did separate by PCA (Figure 

5.15), revealing that minor differences in the concentrations of specific metabolites were 

responsible for distinguishing the MET communities sourced from one or the other of the two 

fecal donors.  These results indicate that we were able to create two defined communities derived 

from the feces of two healthy human donors that were taxonomically similar, and that the same 

ecological principles applied to each community, leading to the same broad metabolic outcomes.    

 In conclusion, we were able to use feces as a source from which to create reproducible 

and defined microbial communities that achieved the same ecological steady state in a chemostat 

model, regardless of the size of the biomass included in the inoculant.  We were also able to 

clearly replicate these results with two different defined communities derived from the feces of 

two healthy human donors.  In addition, we demonstrated the ability to culture taxonomically 

similar, defined communities from two separate donors such that the same ecological principles 

could be tested for within each community.  Defined microbial communities have been used 
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since the early-mid 1980s as an approximation of their more complex environmental counterparts 

(306, 307).  Our results indicate that defined communities derived from feces serve as good 

models to explore the ecological principles that help to shape the gut microbial ecosystem.  

Indeed, these communities could also be used to test the applicability of other ecological theories 

to the human gut, particularly those theories that pertain to functional diversity and microbial 

community structural hierarchy and the host (296, 300).  Modeling of such ecosystems will also 

help to explain the efficacy behind ecological treatments for gut disorders, including MET and 

fecal bacteriotherapy in the treatment of C. difficile infection.  In addition, experiments that test 

the limits of novel treatments, such as MET, as modulators of the gut microbial ecosystem are 

required, particularly if we consider that these defined communities may become a new paradigm 

of treatment for gut disorders with an aging global population and a documented increase in 

chronic and acute GI disorders (308, 309). 
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Chapter 6 

Summary, conclusions and future 

directions 

 

 Many acute and chronic diseases of the GI tract have multiple etiologies, making it 

challenging to prescribe therapies for their prevention and treatment.  For example, the etiology 

of IBD (Crohn’s disease and ulcerative colitis) is related to genetic, environmental and microbial 

factors, however the exact cause is still unknown (53, 164).  The hallmark of IBD is 

inflammation of the intestinal epithelium, exacerbated by penetration of the tightly adherent 

protective mucosal barrier and invasion of intestinal epithelial cells by the commensal microbiota 

(47, 310).  It has been suggested that microbial dysbiosis triggers and then perpetuates IBD 

symptoms and that this dysbiosis can be stabilized through the use of probiotics (48).  However, 

patients who suffer from IBD have only had limited success in maintaining disease remission 

and/or treating active disease through probiotic use (7, 130, 131, 139, 311).  This varied success 

suggests that the underlying mechanisms for probiotic efficacy are multi-factorial, and further 

emphasizes the fact that the gut microbiota remains distinct between different individuals.  

Therefore, personalised medicine, specifically the development of a benefit/risk profile for 

individuals to aid in the prevention and treatment of GI diseases such as IBD, remains a topic of 

intense interest (312). 

The push towards personalised medicine for the treatment of GI diseases in turn 

encourages a multi-disciplinary approach to research that combines the use of in vivo and in vitro 

methods to capture a more complete understanding of the gut microbiota in health and disease.  
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In vivo methods alone have not entirely demonstrated the mechanisms of gut diseases or, more 

specifically, the role played by commensal gut biofilms (182).  The inability to separate the gut 

microbiota from the host makes it challenging to identify whether microbial community 

dysbiosis is the cause or result of disease and whether the success or failure to modulate the 

community is shaped by the microbiota alone (37, 313).  Conversely, in vitro models are 

criticized for a lack of biological relevance and over-simplifying the complex microbial ecology 

of the gut (182, 194).  Feces commonly serve as the inoculum for in vitro continuous culture 

models of the colon because of the relative inaccessibility of inoculum material from different 

segments of the GI tract (181).  Models that use feces as an inoculant to represent the distal colon 

have been criticized as being biased towards growth of the lumen-associated microbiota of the 

colon rather than the mucosa (314).  However, colonic biofilms are thought to be in a constant 

state of flux, shedding and regenerating in a manner similar to that of the epithelial and mucosal 

lining of the gut (78, 86, 87).  Therefore it is very likely that many members of the community 

capable of forming biofilms will be sloughed off into feces and excreted.  Nevertheless, those 

models that investigate gut biofilm formation are still considered to be in their infancy (182, 

194).  In the research presented in this thesis, a novel technique to capture and sample in vitro 

colonic biofilms from a single-stage chemostat model of the distal colon was developed and 

validated.  This biofilm capture technique was found to be particularly useful for advancing 

current understanding of the foundations of biofilm development in the distal colon.   

Top-down and bottom-up systems biology approaches, traditionally applied to in vivo 

models, are gaining traction for in vitro gut fermentation models (315-317).  These approaches 

employ multiple analytical techniques to study model gut microbial communities, including 16S 

rRNA gene-based community profiling, metagenomics, metatranscriptomics, metaproteomics 
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and metabolomics. Additionally, advanced mathematical models and computational simulations 

that explore ecological interactions between gut microbes, including gut biofilms, will 

complement in vitro and in vivo analytical methods (318).  Systems biology approaches offer 

researchers the opportunity to gain a more complete understanding of the microbial interactions 

that govern the function and behaviour of the human gut in a state of health and disease, allowing 

a more complete understanding of the requirements for long-term colonization/community 

integration by beneficial (including probiotic) microbes (182).  We applied this approach to 

characterize the community dynamics and ecology associated with the MET microbial 

community.  We integrated 16S-DGGE, 16S rRNA gene sequencing and metabolomics to 

outline the ecological forces that could help to encourage the long-term residence of these 

probiotc communities in the human gut.  Future studies that incorporate additional systems 

biology approaches will allow for a more complete understanding of the probiotic communities 

that develop in our model. 

During the course of this work, we utilized the molecular fingerprinting technique, 16S-

DGGE to gain preliminary information about the microbial communities derived from the 

chemostat, and to indicate to us which samples to further analyze using higher resolution 

methods.  We found 16S-DGGE to be a convenient, high-throughput technique that provided 

information on differences in community structure, allowing us to not only evaluate the 

planktonic community over time, but to also compare treatment and control biofilm samples.  

However, in comparison to 16S rRNA sequencing-based techniques 16S-DGGE lacks sensitivity 

and does not easily identify microbial community members, nor their relative proportions in the 

community (11, 214).  The cost of 16S rRNA gene sequencing has dropped substantially in 

recent years; however, the costs of sequencing and analysis are still not as low as those 



197 
 

associated with high-throughput molecular fingerprinting techniques like 16S-DGGE (319).  

Therefore, we used 16S-DGGE as a screening tool to select candidate biofilm and planktonic 

community samples to put forward for further analysis using 16S rRNA gene sequencing.  With 

this approach we were able to make valuable comparisons between samples and to draw 

conclusions about ecological trends in a high-throughput and cost-effective manner, while also 

obtaining the identity and relative abundance of specific groups of microbes in the community.   

Illumina sequencing technology is quickly becoming the choice for many researchers 

interested in community 16S rRNA gene sequencing.  In comparison to other bench top 

sequencing technologies, Illumina has the highest throughput per run and generates the fewest 

errors, particularly in homopolymer regions (320).  The MiSeq platform that we used for this 

research also has many advantages over other platforms manufactured by Illumina (e.g. HiSeq) 

including shorter run times made possible by a smaller flow cell, reduced imaging time and faster 

microfluidics (320).  It is also capable of reaching the same biological conclusions faster, without 

fear of sample deterioration and at a fraction of the cost (321).  However, the MiSeq platform 

does have some limitations, including the fact that accurate base-calling requires sequence 

diversity at each nucleotide position for optimal chemistry (322, 323).  Therefore samples are co-

sequenced with a heterogeneous control library, usually the phage PhiX, such that half the 

sequencing reads are dedicated to this non-target template (324).  This sacrifice of read capacity 

is still commonplace despite recent software improvements by Illumina (324).  In addition, 

Illumina’s paired-end read protocols can now generate much longer reads, upwards of 250 

nucleotides in length (324, 325).  Even with these recent advancements, other sequencing 

platforms are still capable of generating a similar number of reads that are twice the length, 

resulting in in-depth and high-resolution microbial community characterization down to the 
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genus and species level (320, 326-328).  Nevertheless, the MiSeq Illumina platform that we used 

for this research offered cost-effective, high-throughput and accurate sequencing that was well-

suited for our purposes.  

In these studies we chose to target the V6 region of the 16S rRNA gene for the analysis of 

biofilm and planktonic community samples.  At the time of analysis, the V6 region alone was 

thought to be able to capture significant phylogenetic information to allow optimal identification 

of OTUs (187, 246-248).  However, for this work we were only able to successfully resolve 

down to the family level for samples from microbial communities from feces and to the genus 

level for defined microbial community samples.  Indeed, at the family level there were still 

unclassified OTUs that were significant in either biofilm or planktonic microbial populations.  

For example, original analysis of defined microbial communities against the Silva 16S rRNA 

gene reference database revealed the presence of the genus Kluyvera, which was not included in 

our defined community inocula.  However, upon further analysis we identified that the V6 region 

of the genus Raoultella (which was included in our defined communities) has 100% homology to 

the V6 region of Kluyvera.  This finding prompted us to create an internal taxonomy database 

from the full-length 16S rRNA gene sequences of the defined community members, which 

considerably aided in our analyses.  Recent findings suggest that there are taxonomic limitations 

associated with the V6 region of the 16S rRNA gene; there is not enough sequence variation in 

bacterial species across this region to unequivocally identify all species or even genus levels 

(167, 244, 245).  In addition, currently available metagenomic databases are still incomplete and 

may not be able to classify certain taxa to the genus level based upon one variable region alone 

(245).  Other variable regions of the 16S rRNA gene have since been trialled in an attempt to 

gain greater taxonomic resolution for microbial community analysis, often coupling variable 
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regions to achieve this (329, 330).  Coupling of the V5 and V6 regions, as well as the V4 and V5 

regions, has allowed researchers to resolve down to the genus, and even species level (173, 323, 

328, 329).  These newer strategies will aid in future experiments to allow a more complete 

exploration of community composition and structure. 

We also used 1D-
1
H NMR spectroscopy to explore the metabolic profiles of defined 

communities in chapter 5.  1D-
1
H NMR has been used to study the metabolome of urine, plasma 

and feces and has been instrumental in elucidation of the metabolic nature of symbiotic cross-talk 

that occurs between the host and the gut microbiome (331, 332).  1D-
1
H NMR is able to capture 

metabolites in a non-selective and unbiased manner, key features for successful and accurate 

shotgun metabolic profiling (317).  1D-
1
H NMR is considered relatively insensitive in 

comparison to other metabolomic techniques, such as gas chromatography-mass spectrometry 

(GC-MS) which is able to capture less abundant metabolites with more accuracy (317).  

However, unlike 1D-
1
H NMR, GC-MS requires laborious sample preparation; samples are 

chemically or physically modified in order to separate metabolites from biological fluids or to 

increase their volatility, and this modification can ultimately result in sample destruction (331, 

332). In addition, the analysis of complex biological samples with GC-MS can produce variable 

responses from an individual compound, making downstream analysis challenging and 

potentially misleading in comparison to the analysis associated with 1D-
1
H NMR, generally 

regarded to be more straightforward (332, 333).  Indeed, 1D-
1
H NMR is a well-established 

technique, producing rapid, robust and reproducible profiles ideal for the metabolomic analysis 

of complex biological samples and was well-suited for our research purposes (331). 

In chapter 3 we modified an in vitro single-stage chemostat model to successfully capture 

and sample the early colonizer biofilm communities associated with the healthy human distal gut.  



200 
 

To our knowledge, this is the first high-throughput and easy-to-sample model using biologically 

relevant substrata to investigate the early colonizers of healthy human distal gut biofilms.  

Tubing sample sections conditioned with spent human LS174T cell medium and/or sIgA-coated 

beads captured more diverse biofilm growth compared to controls for both defined and fecal-

based communities.  However, the observed differences between the biofilm communities 

originating from fecal and defined inocula illustrate the inherent complexity of microbe-microbe 

interactions that must always be considered when studying an ecosystem as elaborate as the 

human gut microbiota (239, 240).  Nevertheless, DEC and MET-1 defined communities offer a 

promising alternative to fecal inocula for the future study of biofilm development in the human 

distal gut using this model.  The DEC community, in particular, successfully simplified the donor 

A fecal community while still retaining considerable complexity in the planktonic (steady state) 

and biofilm forms. 

In the future, our biofilm capture model could be improved upon to increase biological 

significance and extend the variety of biological questions researchers will be able to answer 

using in vitro gut experiments.  For example, the ability to reliably maintain the apparatus at 

37°C would improve biological relevance.  In addition, creating an environment suitable for the 

culture of live human cells with chemostat flow would further simulate conditions encountered in 

the gut.  Researchers have recently developed a host-microbiota interaction (HMI) module that 

contains a functional layer of Caco-2 cells (a human colonic adenocarcinoma cell line) followed 

by a layer of porcine mucin over which the microbial community from a semi-continuous culture 

model of the human gut can flow (334).  This model facilitates the exchange of signals between 

tissue culture cells and the microbiota for up to 48 hours and allows colonic biofilms to develop 

on the layer of porcine mucin.  As technology develops, it may be possible to incorporate 
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multiple cell lines that produce their own protective mucosal barrier (e.g. LS174T cells) and 

simulate the immune system (e.g. WBC264-9C macrophage cells) to increase biological 

significance and further document microbial biofilm development in vitro (335). 

The ability to successfully simplify fecal communities with defined communities in in 

vitro models has implications for the study of GI diseases.  We have demonstrated that defined 

communities achieve steady state much faster than fecal communities in a single-stage chemostat 

model of the distal gut.  Thus, using defined communities would facilitate high-throughput 

experiments while still capturing considerable community complexity in planktonic (steady state) 

and biofilm forms.  It has been shown that opportunistic pathogens, such as C. difficile, can 

utilize commensal gut biofilms to survive antibiotic therapies and persist in the colon (193).  

Defined microbial communities could be used to enable future studies of the interaction between 

pathogens and commensal biofilms, including defining the mechanisms behind colonization 

resistance or the strategies used by pathogens to bypass host defenses.  In addition, defined 

microbial communities could be used to study the modulation of gut communities for therapeutic 

purposes. 

In chapter 4 we were able to obtain diverse biofilm growth using our biofilm capture 

model with tubing sections conditioned with spent LS174T medium and/or sIgA-coated beads.  

We were also able to identify bacterial families that were contributors to early biofilm formation 

in communities obtained from three separate, healthy fecal donors.  These identified families 

contain species that are potential primary colonizer candidates.  Members of the 

Enterobacteriaceae, Gammaproteobacteria incertae sedis, and to a lesser extent, the 

Streptococcaceae, Bifidobacteriaceae and Lactobacillaceae families were all able to contribute to 

early biofilm formation.  The robustness of the biofilm capture model was also demonstrated in 
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this work, as microbes within these same families were found to contribute to early biofilm 

formation in the five unique steady state communities described.   

In the future it will be important to identify the temporal stability of the primary 

colonizers in an individual donor, which will in turn contribute to our understanding of the long-

term stability and structure of the human gut microbiota.  In addition, investigating earlier time 

points (e.g. 15, 30 and 45 minutes) may decrease the complexity of early biofilms even further 

and could yield more detailed information about the organization of the primary biofilm 

formation and its timeline.  Increasing the number of replicates for each time point will also 

increase the analytical power of the experiments with the ability to answer more detailed 

questions about biofilm development.  For example, ascertaining which members of the 

microbiota are more likely to colonize mucin or sIgA will continue to delineate the functional 

roles of bacteria in the gut in a state of health, which will in turn help to understand the changes 

that lead to dysbiosis and disease.   

The reproducibility of the biofilm capture model was clearly demonstrated in this thesis; 

the same bacterial families contributing to early biofilm formation were noted in five unique 

steady state communities.  These microbes, which were candidates for primary colonizers of the 

human colon, were present in low relative abundances (≤4.0%) in the planktonic population 

within all communities tested.  Interestingly, these primary colonizer candidates did not belong to 

the families of the top ten species that have previously been found to dominate the human large 

intestine, such as the Lachnospiraceae, Ruminococcaceae, Bacteroidaceae and Eubacteriaceae 

(138, (336), further suggesting that our model selected for primary colonizing microbes for their 

abilities to attach to scaffold substrates, and not simply because they were more abundant in the 

test ecosystem.  Our findings also clearly demonstrate that abundance does not always reflect 
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function, i.e. microbes that represent a small proportion of the ecosystem can possess rare or 

unique functional properties that make them keystone members of the community (138).  It is 

also important to apply our model to other members of the gut microbial ecosystem, including 

archaea, fungi and viruses.  Recently, these kingdoms were recognized for their role in gut 

biofilm formation as well as in GI health and disease (337-339).  We have previously 

demonstrated that our chemostat model is capable of supporting diverse archaeal, fungal and 

viral communities derived from healthy human feces and it is worthwhile investigating the 

potential role of these kingdoms in healthy human distal gut biofilm formation (340).   

In chapter 5 we were able to create reproducible, defined microbial communities derived 

from feces that achieved the same ecological and functional steady state in a chemostat model as 

one another, despite the inclusion of isolate inocula with different starting biomass proportions.  

We were also able to replicate these results using two different defined communities derived 

separately from the feces of two healthy human donors.  In addition, we demonstrated the ability 

to culture taxonomically similar defined communities from two donors such that the same 

ecological principles could be tested using each community.  Our results can be used to begin to 

explain the success of ecological treatments for gut disorders, including MET and fecal 

bacteriotherapy for the treatment of C. difficile infections, and reveal potential mechanisms that 

govern long-term microbiota modulation.  For example, it is likely that MET not only restores 

functional diversity to the microbiota, but also leverages mechanisms such as competitive 

exclusion, that can aid in defense against pathogenic microbes.  In addition, future work with 

these defined communities could be improved upon by skewing the relative abundance of the 

strains included in each inoculum by diluting each isolate and including them based upon a log-

fold scale as opposed to biomass ratios.  This would improve the accuracy and repeatability of 
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the starting inoculum.  We could also test biofilm formation of individual MET strains and their 

ability to interfere with the growth and replication of pathogenic microbes, such as C. difficile, 

through co-aggregation assays. 

  Defined microbial communities have been used since the early 1980s to model their 

more complex environmental counterparts, such as the breakdown of chlorophenols by a defined 

community of environmental bacteria or to simulate the microbiota associated with the human 

oral cavity (306, 307).  Our results indicate that defined communities derived from feces serve as 

a good model to explore the ecological principles that help to shape the gut microbial ecosystem.  

Despite the structural similarities between the steady state compositions of fecal and defined 

communities, their functional similarity remains to be seen, though we did explore this concept 

to some extent in chapter 5.  Continuing ‘omics’ research (metatranscriptomics, metabolomics 

and metaproteomics) will allow in-depth comparisons between fecal and defined communities.  

For example, in our model the metabolites produced by the gut microbiota during the course of a 

chemostat run could accumulate over time to levels that are not reflective of the gut environment.  

Although the current model reflects the functional potential of the gut microbiota external to the 

host, ‘omics’ analyses could be used to investigate how metabolite accumulation might influence 

the steady state composition and structure of the community.  Studies that also investigate how 

microbial communities respond to stimuli such as antibiotics, prebiotics, probiotics, nutritional 

supplements and diet, drugs and hormones will also help to fine-tune the analysis of defined 

communities as models of the complex ecology of the gut microbiota.  In addition, defined 

communities can be created from the feces of diseased individuals, infants, the elderly, people 

with different diets, people with different ethnic backgrounds and animals in order to address a 

variety of research questions.  These defined communities could also be coupled with the biofilm 
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capture model to gain insight into distal colon biofilm composition under different 

circumstances.  

Overall, the research presented in this thesis has helped to advance our current 

understanding of the structure of healthy biofilm communities in the distal colon and this 

information may help to guide researchers and clinicians who aim to modulate the microbiota of 

patients with acute or chronic GI diseases.  The use of probiotic microbes in the treatment and 

cure of GI diseases has met with only limited success, and this may be because many probiotic 

strains do not possess attributes that allow them to colonize and integrate into, or to optimally 

interact with, the resident microbiota.  Thus, research aimed at understanding the functional 

disabilities of the gut microbiota in disease states will aid in the development of novel probiotic 

communities that address and correct dysbiosis as well as encourage long-term colonization.  

Knowing when and how to deliver these probiotics, for example during the initial stages of 

colonic biofilm development, might also aid in their integration into the commensal community.  

However, it is important to understand that even sophisticated in vitro models of the human gut 

should be used in tandem with in vivo models in order to further assess the host’s interaction with 

its resident microbiota, lending a more holistic approach to the study of the gut microbiota in 

health and disease (182).  

In summary, the importance of commensal colonic biofilms in health and disease has 

made them a key focus of modern research efforts.  Probiotic microbes have the potential to 

positively influence health by modulating commensal biofilms, but one of their major drawbacks 

is that, in general, they do not colonize and integrate into the resident microbiota (58, 96, 97).  In 

vitro models of the distal gut that also investigate colonic biofilm formation are still in their 

infancy and have not yet addressed the long-term integration of beneficial microbes (or even 
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pathogens) into commensal gut biofilms.  A single-stage chemostat coupled with our biofilm 

capture model may be used to further investigate the initial stages of biofilm development in the 

colon and the potential integration of, for example, probiotic microbes.  Our experimental 

approach could also be applied to the investigation of many different types of distal gut 

communities, including those from people of different age groups, cultural backgrounds, diets 

and sexes in a state of health and disease, in addition to other niches of the human microbiome, 

including vaginal, oral, skin and nasopharyngeal microbiotas.  The flexibility of the model also 

allows it to accommodate technical modifications in order to more completely address the 

specific research question or to more accurately mimic the host environment.  Indeed, our 

approach could be applied to research efforts outside of the human body.  Environmental and 

oceanic research that explores the impact and relationship of multispecies biofilms within the 

context of larger ecosystems would benefit from our approach and lead to a greater 

understanding of the potential of environmental microbial communities. 
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Table A.1 Growth media used to isolate bacterial strains from donor A feces for DEC, MET-1 and MET-2 formulations. 

 

Growth Medium Reagent Amount (/L ddH2O) Manufacturer 

Fastidious Anaerobe Agar 

(FAA) + defibrinated sheep 

blood
1 

FAA 45.7 g Acumedia 

Defibrinated sheep blood 50 mL Hemostat Laboratories 

FAA + spent LS174T medium
2
 

+ defibrinated sheep blood
1 

FAA 45.7 g Acumedia 

Spent LS174T medium (see 

appendix A.2) 
30 mL See appendix A.2 

Defibrinated sheep blood 50 mL Hemostat Laboratories 

FAA + sterile spent chemostat
3
 

medium + defibrinated sheep 

blood
1 

FAA 45.7 g Acumedia 

Spent chemostat medium (see 

Table 2.1) 
30 mL See Table 2.1 

Defibrinated sheep blood 50 mL Hemostat Laboratories 

Brain Heart Infusion agar 
Brain Heart Infusion broth 37 g BD 

Agar 15 g Thermo Fisher Scientific 

Wilkins-Chalgren agar 
Wilkins-Chalgren broth 33 g Acumedia 

Agar 15 g Thermo Fisher Scientific 

Clostridial Differential agar 
Clostridial Differential broth 27.5 g Sigma-Aldrich 

Agar 15 g Thermo Fisher Scientific 

deMan, Rogosa and Sharpe 

agar 

deMan, Rogosa and Sharpe 

broth 
55 g BD 

Agar 15 g Thermo Fisher Scientific 

‘Faecali’ agar See Table A.2 

‘Mucin’ agar See Table A.3 
1
FAA and ddH2O were sterilized by autoclaving at 121°C for 30 minutes and were then allowed to cool to 50°C before adding the 

supplement(s) (defibrinated sheep blood, spent LS174T medium and/or spent chemostat culture medium). 
2
Spent LS174T media was collected from LS174T tissue culture cells as described in appendix A.2 

3
Spent chemostat culture medium was collected from the culture effluent of a chemostat vessel seeded with donor A feces.  Spent 

chemostat culture medium was then sterilized by filtering through a 0.22 µm filter.  The medium was allowed to cool to 50°C before 

adding the sterile spent chemostat culture media supplement. 
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Table A.2 Growth media used to isolate bacterial strains from donor C feces for the MET-3 formulation. 

 

Growth Medium Reagent Amount (/L ddH2O) Manufacturer 

Fastidious Anaerobe Agar 

(FAA) 
FAA 45.7 g Acumedia 

FAA + defibrinated sheep 

blood
1 

FAA 45.7 g Acumedia 

Defibrinated sheep blood 50 mL Hemostat Laboratories 

FAA + Donor A spent sterile 

chemostat medium
2
 + 

defibrinated sheep blood
1 

FAA 45.7 g Acumedia 

Donor A spent sterile 

chemostat media (see Table 

2.1) 

30 mL See Table 2.1 

Defibrinated sheep blood 50 mL Hemostat Laboratories 

FAA + Donor C spent sterile 

chemostat medium
2 

+ 

defibrinated sheep blood
1 

FAA 45.7 g Acumedia 

Donor C spent sterile 

chemostat media (see Table 

2.1) 

30 mL See Table 2.1 

Defibrinated sheep blood 50 mL Hemostat Laboratories 

FAA + MET-1 spent sterile 

chemostat medium
2 

+ 

defibrinated sheep blood
1
 

FAA 45.7 g Acumedia 

MET-1 spent sterile chemostat 

media (see Table 2.1) 
30 mL See Table 2.1 

Defibrinated sheep blood 50 mL Hemostat Laboratories 

Brain Heart Infusion agar 
Brain Heart Infusion broth 37 g BD 

Agar 15 g Thermo Fisher Scientific 

Tryptic Soy agar (TSA) 
Trytic Soy broth (TSB) 30 g EMD 

Agar 15 g Thermo Fisher Scientific 

25% TSA 
TSB 7.5 g EMD 

Agar 15 g Thermo Fisher Scientific 

TSA + defibrinated sheep 

blood
1 

TSB 30 g EMD 

Defibrinated sheep blood 50 mL Hemostat Laboratories 

Agar 15 g Thermo Fisher Scientific 
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Growth Medium Reagent Amount (/L ddH2O) Manufacturer 

deMan, Rogosa and Sharpe 

agar 

deMan, Rogosa and Sharpe 

broth 
55 g BD 

Agar 15 g Thermo Fisher Scientific 

Nutrient Agar Nutrient Agar 23 g BBL Microbiology Systems 
1
FAA and ddH2O or TSB and ddH2O were sterilized by autoclaving at 121°C for 30 minutes.  Media was allowed to cool to 50°C 

before adding the defibrinated sheep blood. 
2
Spent chemostat culture medium was collected from the culture effluent of a chemostat vessel seeded with feces from either donor A 

or C or a MET-1 defined community.  Spent chemostat culture medium was then sterilized by filtering through a 0.22 µm filter.  

Media was allowed to cool to 50°C before adding the sterile spent chemostat culture media supplement. 
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Table A.3 The recipe for ‘Faecali’ growth medium (341).  ‘Faecali’ growth medium was 

sterilized by autoclaving at 121°C for 45 minutes.  The medium was allowed to cool to 50°C and 

then 30 mL of filter-sterilized rumen fluid were added before being poured into petri dishes.  

 

Reagent Amount (/L of ddH2O) Manufacturer 

Casitone 10 g Difco (Detroit, Michigan) 

Yeast Extract 2.5 g BD 

NaHCO3 4 g Fisher 

Dextrose 2 g EMD (Darmstadt, Germany) 

Cellobiose 2 g Sigma 

Starch (from wheat, 

unmodified) 
2 g Sigma-Aldrich 

Cysteine 1 g Sigma 

K2HPO4 0.45 g Sigma 

KH2PO4 0.45 g Fisher 

(NH4)2SO4 0.9 g 
EM Science (Darmstadt, 

Germany) 

NaCl 0.9 g Fisher 

MgSO4 0.09 g BDH 

CaCl2 0.09 g BDH 

Agar 15 g Fisher 

Rumen fluid 30 mL 
University of Guelph Animal 

and Poultry Science group 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



245 
 

Table A.4 The recipe for ‘Mucin’ growth medium (41).  ‘Mucin’ growth medium was sterilized 

by autoclaving at 121°C for 45 minutes.  The medium was allowed to cool to 50°C and then 7 

mL of filter-sterilized rumen fluid and 2.5 mL of porcine gastric mucin were added before being 

poured into petri dishes.   

  

Reagent Amount (/L of ddH2O) Manufacturer 

KH2PO4 0.4 g Fisher 

Na2HPO4 0.53 g Sigma 

NH4Cl 0.3 g BDH 

NaCl 0.3 g Fisher 

MgCl2·6H2O 0.1 g Sigma 

CaCl2 0.11 g BDH 

NaHCO3 4 g Fisher 

Na2S·7-9H2O 0.25 g Acros (New Jersey, USA) 

Agar 15 g Fisher 

Porcine gastric mucin (Type 

II) 
2.5 mL Sigma-Aldrich 

Rumen fluid 7 mL 
University of Guelph Animal 

and Poultry Science group 
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Appendix A.1 Preparation of freezing media and long-term storage of bacterial isolates 

 

1) 60 g of fat free instant skim milk powder (Carnation; Markham, Ontario), 5 mL of dimethyl  

sulfoxide (DMSO; Fisher) and 5 mL of glycerol (Fisher) were mixed.  

 

2) 500 mL of ddH2O were added. 

 

3) Mixture was sterilized by autoclaving at 121ºC for 15 minutes. 

  

4) Once cooled, freezing media was aliquoted into 1.5 mL cryovials and transferred into an 

anaerobic chamber to degas. 

  

5) Bacterial colonies were scraped from a petri dish and resuspended in the pre-reduced freezing 

media. 

  

6) Cryovials were sealed and stored at -80ºC for long-term use. 
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Figure A.1 An image of a silicone tubing biofilm cultivation array, including the dimensions: a) 

4 cm (eight biofilm sample sections are depicted); b) 8 cm; c) 8 cm; d) 10cm.  At the sample 

section junctions, straight tubing connectors were used (e).  At all other junctions, Y-shaped 

tubing connectors were used (f). 

 

 

 

 

 

 

 

 

 

 

 

 

 



248 
 

Appendix A.2 Preparation of spent LS174T media for coating silicone sampling sections 

and use as a growth medium supplement  

 

A.2.2 Propagation of LS174T tissue culture cells 

 

1) LS174T media (Table A.5) was warmed to 37°C in a heated water bath.  

 

2) The Class II Laminar flow hood (tissue culture hood) was sterilized using an 

ultraviolet (UV) light for 15 minutes.   

 

3)   In the tissue culture hood, 20 mL of fresh LS174T media and 40 µL of plasmosin  

(InvivoGen; San Diego, California) were added to a sterile 75 cm
2 

tissue culture flask   

(BD Falcon; Franklin Lakes, New Jersey).   

 

4)   A 1 mL stock of frozen LS174T cells was removed from the liquid nitrogen dewar    

                  and thawed slightly.  

 

5)   LS174T cells were aliquoted into the flask.  

 

6)   LS174T cells were transferred to and grown in a tissue culture cell incubator (37°C    

                  with 5% CO2). 

 

A.2.3 Changing LS174T cell media (approximately every 3-4 days) 

 

1) LS174T media and 1X versene (Table A.6) were warmed in a 37°C heated water 

bath. 

 

2) The tissue culture hood was sterilized using a UV light for 15 minutes. 

 

3) The spent LS174T media was removed and replaced with 30 mL of 1X versene. 

 

4) 1X versene was allowed to bathe the cells for 1 minute and was then removed and 

discarded. 

 

5) 30 mL of fresh LS174T media were added to the cells along with 40 µL of plasmosin. 

 

6) LS174T cells were placed back in the tissue culture cell incubator (37°C with 5% 

CO2). 
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A.2.4 Splitting LS174T cells once they reach confluence (at approximately one week of 

growth)  

 

1) LS174T media, 1X versene and trypsin (Gibco, Life Technologies Corporation) were 

warmed in a 37°C heated water bath. 

 

2) The tissue culture hood was sterilized using a UV light for 15 minutes. 

 

3) The spent LS174T media was removed and replaced with 30 mL of 1X versene. 

 

4) 1X versene was allowed to bathe the cells for 1 minute and was then removed and 

discarded. 

 

5) 10 mL of trypsin were added to the cells.  After approximately 5 minutes the cells 

sloughed off.  Cells were stored in the tissue culture cell incubator for this time. 

 

6) 30 mL of fresh LS174T media and 40 µL of plasmosin were added to a new tissue 

culture flask. 

 

7) 5 mL of sloughed LS174T cells were added to the new flask and homogenized by 

vigorous pipetting.  

 

8) LS174T cells were placed back in the tissue culture cell incubator (37°C with 5% 

CO2). 
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Table A.5 The recipe for LS174T media.  All reagents were added and topped up to 1 L with 

ddH2O.  The media was then filter-sterilized using a 0.22 µm filter. 

 

Reagent Amount (/L of ddH2O) Manufacturer 

DMEM/High Glucose 500 mL Thermo Scientific 

NaHCO3 2.200 g Thermo Fisher Scientific 

HEPES 4.766 g BDH 

100 mM sodium pyruvate 10 mL 
Cellgro, Mediatech Inc. 

(Manassas, Virginia) 

Heat inactivated fetal bovine 

serum (FBS, see appendix 

A.4.5) 

100 mL 
Gibco, Life Technologies 

Corporation 

 

Table A.6 The recipe for 1X versene.  All reagents were mixed together and topped up to 1L 

with ddH2O.  The 1X versene was then filter-sterilized using a 0.22 µm filter. 

 

Reagent Amount (/L of ddH2O) Manufacturer 

EDTA 2.0 g VWR 

NaCl 8.0 g Fisher Scientific 

Na2HPO4 11.5 g Sigma Aldrich 

KCl 2.0 g Fisher 

KH2PO4 2.0 g Fisher Scientific 

Dextrose 2.0 g Fisher Scientific 
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A.2.5 Preparation of heat inactivated FBS 

 

1) 2 X 50 mL conicals of aliquoted FBS were removed from the freezer and thawed in a 

37°C heated water bath. 

 

2) Once the FBS had fully thawed, the temperature of the water bath was increased to 

56°C. 

 

3) When the water bath reached 56°C, the FBS incubated for an additional 30 minutes.  

The conicals were inverted every 10 minutes to ensure proper mixing and even 

thawing/heating. 

 

4) Conicals were removed and allowed to cool to room temperature before addition to 

LS174T cell media. 
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Appendix A.3 Protocol for running 16S-DGGE gels 

A.3.1 Running a 2% agarose gel to confirm the quality of PCR reactions 

1) 4 g of agarose powder (Bio Basic; Markham, Ontario) were added to 200 mL of 1X 

TAE (table A7) buffer and the mixture was heated until the agarose melted. 

 

2) The 2% agarose was poured into a 10 cm X 10 cm casting tray and 5 µL of ethidium 

bromide (0.5 µg/mL) (Sigma-Aldrich; St. Louis, Missouri) were added. 

 

3) The gel was allowed to solidify (20-30 minutes). 

 

4) Once solidified, the gel was transferred to an electrophoresis tank containing 1X TAE 

buffer. 

 

5) 2 µL of DGGE loading dye (table A8) were combined with 3 µL of each PCR 

product, including both samples and blanks, and were loaded into the gel. 

 

6) 1 µL of 100 bp DNA molecular size ladder (Invitrogen; Carlsbad, California) was 

also loaded into a lane of the gel. 

 

7) The gel ran at 80V for 40 minutes and was then imaged with the SynGene G-box gel 

documentation system using the Genesnap software (SynGene; Frederick, Maryland).  

Figure A.2 illustrates the typical gel image that was generated.   

 

A.3.2 Preparing PCR products for 16S-DGGE 

 

1) A 2 mL aliquot of sterile ddH2O was heated to 60°C in a hot box. 

 

2) The three PCR products for each sample were pooled in a 1.5 mL tube and 450 µL of 

Binding Buffer 1 were added.   

 

3) The mixture was transferred to an EZ-10 Spin Column and tube and allowed to 

incubate at room temperature for 2 minutes. 

 

4) The sample was centrifuged at 9725 x g for 2 minutes and the flow-through was 

discarded. 

 

5) 500 µL of Wash Buffer were added to the column, spun at 9725 x g and the flow-

through discarded. 
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Figure A.2 The typical picture of the bands produced on a 2% agarose gel by planktonic 

community samples from the chemostat following PCR and agarose gel electrophoresis.  The 

first three bands of the ladder are labelled as a reference point.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



254 
 

6) Step 5) was repeated. 

 

7) The sample was then centrifuged at 14000 x g for 3 minutes and the EZ-10 Spin 

Column transferred to a new 1.5 mL tube. 

 

8) 45 µL of the ddH2O warmed in step 1) were added to the column and then incubated 

at room temperature for 2 minutes. 

 

9) The sample was then centrifuged at 9725 x g for 2 minutes. 

 

10) 10 µL of DGGE loading dye (Table A.8) were added to the sample which was then 

stored at 4°C until loaded onto a DGGE gel. 

 

A.3.3 Pouring DGGE gels (Bio-Rad Laboratories; Hercules, California) 

 

1) Glass plates were cleaned using 70% ethanol. 

 

2) 1 mm plastic spacers were placed between the small and large glass plates.  The 

casters were slid on and tightened into place using the provided guide card to align all 

the parts. 

 

3) Glass plates were then placed into the pouring stand and tightened at the base. 

 

4) For two DGGE gels, two low mixtures (Table A.9) and two high mixtures (Table 

A.9) were made, using one low and one high mixture for each gel. 

 

5) The following reagents were added to one high and one low mixture and gently 

mixed: 35 µL of 2% bromophenol blue (EMD) (added to the high mixture only), 95 

µL of 10% ammonium persulfate (APS) (Bio-Rad Laboratories) (added to both 

mixtures) and 55 µL TEMED (EMD) (added to both mixtures). 

 

6) 16 mL of the low mixture were added to a 30 mL syringe that was then attached to 

the side of the gradient pourer labeled “low”. 

 

7) 16 mL of the high mixture were added to a 30 mL syringe that was then attached to 

the side of the gradient pourer labeled “high”. 

 

8) A y-connector and tubing was then attached to the low and high syringes in order to 

combine the flow from each. 
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9) The gel was slowly poured using the gradient pourer to the top of the short plate and 

the comb was inserted. 

 

10)  Steps (5-9) were repeated to pour the second gel. 

 

11)  Gels were allowed to polymerize at room temperature for at least 2 hours.  They 

were then covered with a damp paper towel and saran wrap before storing at 4°C 

overnight. 

 

12)  140 mL of 50X TAE buffer (Table A.7) and dH2O were added to the DGGE running 

tank to the line marked “FILL” on the tank. 

 

13)  The DGGE running tank was set on a timer so that it would turn on and heat to 60°C 

in the morning. 

 

A.3.4 Running 16S-DGGE gels 

 

1) The combs were slowly removed and excess gel was cut away.  Each lane of the gels 

was cleaned using 1X TAE buffer (Table A.7). 

 

2) The gels were attached to the gel core and placed into the DGGE running tank. 

 

3) Once the gels had heated to 60°C, 40 µL of each sample were loaded into the lanes of 

the gels.  DGGE loading dye (Table A.8) was added to the flanking lanes of the gels 

in order to prevent smiling. 

 

4) Gels were run at 60°C and 120 V in 1X TAE buffer for 5 hours. 
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Table A.7 The recipe for making a 50X stock solution of TAE running buffer.  All reagents were 

mixed together and topped up to 1 L using ddH2O. 

 

Reagent Amount (/L ddH2O) Manufacturer 

Tris Base 242 g Fisher Scientific 

Glacial Acetic Acid 57.1 mL Fisher Scientific 

EDTA (0.5 M, pH 8.0)
1 

100 mL Fisher Scientific 
1
 186.1 g of disodium EDTA·2H2O was mixed with 800 mL of ddH2O.  The pH was adjusted to 

8.0 using ~ 20 g of NaOH pellets (Fisher Scientific). 

 

 

Table A.8 The recipe for making DGGE loading dye.  

 

Reagent Amount Manufacturer 

1% Bromophenol Blue 500 µL EMD 

1% Xylene Cyanol 500 µL Sigma 

Glycerol 7 mL 
Amresco ProPure (Solon, 

Ohio) 

dH2O 2 mL - 

 

 

Table A.9 The recipes for the low and high mixtures for DGGE gels.  Both mixtures were made 

separately in 50 mL conicals and reagents were topped up to 25 mL using ddH2O. 

 

Reagent Low High Manufacturer 

Urea 3.15 g 5.78 g Sigma 

Formamide 3.0 mL 5.5 mL Fisher Scientific 

Bis-acrylamide (37.5:1) 3.75 mL 3.75 mL Fisher Scientific 

50X TAE 500 µL 500 µL See Table A.7 
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Appendix A.4 Protocol for running SDS-PAGE gels 

A.4.1 Preparing samples for SDS-PAGE 

1) 500 µL of SDS-PAGE loading dye (Table A.10) was mixed with each sample of spent 

LS174T medium and unused LS174T medium. 

 

2) Samples were boiled at 95°C for 15 minutes. 

 

A.4.2 Preparing and pouring gels for SDS-PAGE 

1) The Separating Solution for 7.5% gels (Table A.11) and the Stacking Solution for 

10cm X 10cm gels (Table A.12) were prepared and mixed gently to avoid generating 

air bubbles. 

 

2) Plates were cleaned with 70% EtOH and the short and large plates were placed 

together and screwed into place in the gel caster, with the short plate facing the middle 

of the caster.  The plates were checked to ensure that they lay flush with the caster to 

prevent leaking.   

 

3) The comb was inserted into the plates and a mark drawn approximately 1 cm below 

the bottom of the comb. 

 

4) 15 µL of TEMED were added to the Separating Solution and mixed gently.  The 

Separating Solution was then poured using a Pasteur pipette to the mark drawn earlier.   

 

5) The gel was then overlaid with 1 mL of isopropanol and the gel was allowed to 

polymerize for 15 minutes. 

 

6) The isopropanol was removed using filter paper.  6.7 µL of TEMED were added to the 

Stacking Solution and mixed gently.  The Stacking Solution was then poured using a 

Pasteur pipette to the meniscus of the plates.   

 

7) The comb was then inserted and the gel allowed to polymerize for 30 minutes. 

 

A.4.3 Running SDS-PAGE gels    

1) The caster and gels was inserted into the gel tank and it was filled with 2X SDS 

Running Buffer (Table A.13). 

 

2) The comb was gently removed and 30 µL of each sample were loaded into each well 

along with 10 µL of Prestained Protein Marker, 7-175 kDa (NEB; Whitby, Ontario). 

 

3) The gel was run at 100V for approximately 30 minutes, or until the samples had 

traversed the Stacking gel and flattened. 
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4) The voltage was increased to 200V and the samples were allowed to traverse the 

remainder of the gel, taking an additional 90 minutes. 

 

A.4.4 Staining and SDS-PAGE gels 

1) The gel was gently transferred to a Coomassie stain (Table A.14) bath and left to stain 

overnight.  

 

2) The Coomassie stain was removed and replaced with Destain (Table A.15).  Balled 

Kimwipes® were placed in the corner of the dish to aid in leeching excess Coomassie 

stain from the gel. 

 

3) Once destained, gels were placed on squares of filter paper and dried using a Gel 

Dryer (BioRad Laboratories; Hercules, California). 
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Table A.10 The recipe for making 100 mL of SDS-PAGE loading dye.  

Reagent Amount Manufacturer 

TrisHCl pH 6.8 12.5 mL BioBasic 

SDS 10 g EMD 

Glycerol 30 mL 
Amresco ProPure (Solon, 

Ohio) 

β-mercaptoethanol 5 mL Sigma 

2% Bromophenol blue 5.2 mL EMD 

ddH2O To 100 mL - 

 

Table A.11 The recipe for making the Separating Solution for 7.5% gels. 

Reagent Amount Manufacturer 

30% Acrylamide solution 3.75 mL Fisher Scientific 

4X Resolving Tris solution 3.75 mL - 

10% APS 150 µL Bio-Rad Laboratories 

ddH2O 7.5 mL - 

 

Table A.12 The recipe for making the Stacking Solution for 10cm X 10cm gels. 

Reagent Amount Manufacturer 

30% Acrylamide solution 0.65 mL Fisher Scientific 

4X Stacking Gel Tris solution 1.6 mL - 

10% APS 67 µL Bio-Rad Laboratories 

ddH2O 4.2 mL - 

 

Table A.13 The recipe for making the 2X SDS Running Buffer (/L). 

Reagent Amount Manufacturer 

Tris Base 6 g Fisher Scientific 

Glycine 28.8 g Fisher-Scientific 

SDS 2 g EMD 

dH2O 1 L - 

 

Table A.14 The recipe for making the Coomassie stain (/L). 

Reagent Amount Manufacturer 

Brilliant Blue 2.5 g Fisher Scientific 

Methanol 450 mL 
Caledon Labs (Georgetown, 

Ontario) 

Glacial Acetic Acid 100 mL Fisher Scientific 

dH2O To 1 L - 
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Table A.15 The recipe for making the Coomassie Destain (/L). 

Reagent Amount Manufacturer 

Methanol 250 µL Caledon Labs  

Glacial Acetic Acid 70 mL Fisher Scientific 

dH2O To 1 L - 
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Appendix A.5: Protocol for using periodic acid-Schiff’s stain 

A.5.1 Making the Schiff’s reagent 

1) 200 mL of dH2O were brought to a boil and was mixed with 1 g of basic fuchsin 

(Sigma-Aldrich).  The mixture was stirred well. 

 

2) The solution was cooled to 50°C and filtered through a Whatman® grade 1 filter 

(Sigma-Aldrich). 

 

3) 20 mL of 10% HCl were then added and the solution was allowed to cool to room 

temperature. 

 

4) 1.5 g of K2S2O5 (Sigma-Aldrich) were then added and dissolved into the solution.  The 

Schiff’s reagent was allowed to stand at room temperature overnight. 

 

5) To extract the colour, 1 g of charcoal was added to the Schiff’s reagent.  The bottle 

was well mixed and allowed to stand for 5 minutes before filtering out the charcoal 

using a Whatman® grade 1 filter. 

 

6) Step 5) was repeated until the Schiff’s reagent appeared clear.  It was stored at 4°C 

until used. 

 

A.5.2 Making the 1% periodic acid 

1) 0.1 g of periodic acid (Sigma-Aldrich) were added to 10 mL of dH2O. 

 

2) The solution was well mixed and then stored at room temperature until use. 

 

A.5.3 Staining silicone tubing conditioned with spent LS174T medium 

1) The Schiff’s reagent was removed from the fridge and brought to room temperature 

prior to use. 

 

2) The silicone tubing was conditioned with spent LS174T medium 24 hours prior to 

staining and stored at 4°C for that time in order to replicate the same conditions as 

encountered during line experiments. 

 

3) The tubing was first oxidized by submerging in a bath of the 1% periodic acid solution 

for 5 minutes followed by a wash in a bath of dH2O for 1 minute. 

 

4) The tubing was then stained in a bath of Schiff’s reagent for 10 minutes followed by a 

wash in a bath of dH2O for 1 minute.   
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Appendix B: 

 

Chapter 3 
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Table B.1 Donor A %SI correlation coefficients for the biofilm capture experiments comparing all treatments and controls.  The %SI 

values were averaged for each capture experiment duplicate.  Values in bold fell at least 5% below the gel-defined cut-off threshold. 

Biofilm Capture Experiment Comparison 2h 4h Gel-defined cut-off 

All treatments and controls 

 

LS174T* & sIgA-

coated** vs. LS174T 

 

81.8 60.1 

92.4 

LS174T & sIgA-coated 

vs. sIgA-coated 
62.4 52.6 

LS174T & sIgA-coated 

vs. Medium† 
52.5 60.2 

LS174T & sIgA-coated 

vs. Uncoated†† 
74.4 54.0 

LS174T & sIgA-coated 

vs. Control‡ 
82.1 55.9 

 

LS174T vs. sIgA-coated 

 
71.9 49.2 

 

LS174T vs. Medium 

 
56.2 66.4 

 

LS174T vs. Uncoated 

 
77.3 61.1 

 

LS174T vs. Control 

 
82.7 66.0 

 

sIgA-coated vs. Medium 

 
57.0 71.9 

sIgA-coated vs. 

Uncoated 
73.5 80.4 
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Biofilm Capture Experiment Comparison 2h 4h Gel-defined cut-off 

All treatments and controls 

 

sIgA-coated vs. Control 

 
64.9 61.5 

92.4 

 

Medium vs. Uncoated 

 
60.5 75.0 

 

Medium vs. Controls 

 
61.8 64.2 

 

Uncoated vs. Silicone 

 
80.2 67.0 

*Early colonizer communities cultured on spent LS174T media-conditioned sample sections 

** Early colonizer communities cultured on sIgA-coated Turbobeads  

† Early colonizer communities cultured on unused LS174T medium sample sections 

††Early colonizer communities cultured on uncoated Turbobeads 

‡Early colonizer communities cultured on silicone sample sections 
 

 

 

 

 

 

 

 



265 
 

Table B.2 DEC %SI correlation coefficients for the biofilm capture experiments comparing all treatments and controls.  The %SI 

values were averaged for each capture experiment duplicate.  Values in bold fell at least 5% below the gel-defined cut-off threshold. 

Biofilm Capture Experiment Comparison 2h 4h Gel-defined cut-off 

All treatments and controls 

 

LS174T* & sIgA-coated** 

vs. LS174T 

 

73.9 80.2 

71.1 

LS174T & sIgA-coated vs. 

sIgA-coated 
89.4 79.3 

LS174T & sIgA-coated vs. 

Medium† 
75.1 57.2 

LS174T & sIgA-coated vs. 

Uncoated†† 
79.9 80.6 

LS174T & sIgA-coated vs. 

Control‡ 
88.7 63.0 

 

LS174T vs. sIgA-coated 

 
59.4 92.5 

 

LS174T vs. Medium 

 

96.0 82.7 

 

LS174T vs. Uncoated 

 
59.5 83.7 

 

LS174T vs. Control 

 
63.7 78.4 

 

sIgA-coated vs. Medium 

 
63.8 74.6 

sIgA-coated vs.  

Uncoated 
79.9 83.9 
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Biofilm Capture Experiment Comparison 2h 4h Gel-defined cut-off 

All treatments and controls 

 

Medium vs. Uncoated 

 

94.9 74.2 

71.1 

 

Medium vs. Controls 

 
63.7 64.4 

 

Uncoated vs. Silicone 

 

69.5 79.0 

 

sIgA-coated vs. Control 

 

79.1 72.1 

*Early colonizer communities cultured on spent LS174T media-conditioned sample sections 

** Early colonizer communities cultured on sIgA-coated Turbobeads  

† Early colonizer communities cultured on unused LS174T medium sample sections 

††Early colonizer communities cultured on uncoated Turbobeads 

‡Early colonizer communities cultured on silicone sample sections 
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Table B.3 MET-1 %SI correlation coefficients for the biofilm capture experiments comparing all treatments and controls.  The %SI 

values were averaged for each capture experiment duplicate.  Values in bold fell at least 5% below the gel-defined cut-off threshold. 

Biofilm Capture Experiment Comparison 2h 4h Gel-defined cut-off 

All treatments and controls 

 

LS174T* & sIgA-

coated** vs. LS174T 

 

68.2 74.2 

74.0 

LS174T & sIgA-coated vs. 

sIgA-coated 
62.9 83.6 

LS174T & sIgA-coated vs. 

Medium† 
51.9 74.2 

LS174T & sIgA-coated vs. 

Uncoated†† 
42.7 48.8 

LS174T & sIgA-coated vs. 

Control‡ 
55.1 46.4 

 

LS174T vs. sIgA-coated 

 
59.2 57.4 

 

LS174T vs. Medium 

 

73.8 97.7 

 

LS174T vs. Uncoated 

 
46.6 47.6 

 

LS174T vs. Control 

 

74.9 84.7 

 

sIgA-coated vs. Medium 

 
28.9 57.0 

sIgA-coated vs. 

Uncoated  
51.0 44.6 
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Biofilm Capture Experiment Comparison 2h 4h Gel-defined cut-off 

All treatments and controls 

 

Medium vs. Uncoated 

 
44.0 30.0 

74.0 

 

Medium vs. Controls 

 
49.2 49.5 

 

Uncoated vs. Silicone 

 

90.8 85.5 

 

sIgA-coated vs. Control 

 
53.3 51.4 

*Early colonizer communities cultured on spent LS174T media-conditioned sample sections 

** Early colonizer communities cultured on sIgA-coated Turbobeads  

† Early colonizer communities cultured on unused LS174T medium sample sections 

††Early colonizer communities cultured on uncoated Turbobeads 

‡Early colonizer communities cultured on silicone sample sections 
 

 

 

 

 

 

 

 



269 
 

Table B.4 The bacterial families (by donor) found to be significantly higher (P < 0.05) in the planktonic community compared to 1-

hour biofilm (substrate treatment and control) samples based on 16S rRNA gene sequencing results. 

Community 
Bacterial Genus and/or 

Family 
P-value 

Average Relative 

Abundance 
Standard Deviation 

A 

Rikenellaceae 0.0007 0.007 0.0005 

Verrucomicrobiaceae 0.006 0.11 0.006 

Veillonellaceae <0.0001 0.03 0.002 

Bacteroidaceae 0.002 0.49 0.02 

Porphyromonadaceae 0.001 0.02 0.001 

Acidaminococcaceae 0.03 0.01 0.001 

     

DEC50 

Eubacterium 

(Eubacteriaceae) 
0.001 0.05 0.005 

Clostridium 

(Lachnospiraceae) 
0.007 0.13 0.02 

Flavonifractor 

(Ruminococcaceae) 
0.02 0.005 0.0007 

Acidaminococcus 

(Acidaminococcaceae) 
0.01 0.03 0.003 

     

MET-1 
Eubacterium 

(Eubacteriaceae) 
0.0004 0.24 0.03 
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Appendix C: 

 

Chapter 4 
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Table C.1 Donor B1 %SI correlation coefficients for the capture experiments comparing all treatments and controls.  The %SI values 

were averaged for each capture experiment duplicate.  Values in bold fell at least 5% below the gel-defined cut-off threshold. 

Biofilm Capture Experiment Comparison 2h 4h Gel-defined cut-off 

All treatments and controls 

 

LS174T* & sIgA-

coated** vs. LS174T 

 

32.3 65.0 

81.1 

LS174T & sIgA-coated 

vs. sIgA-coated 
63.2 67.5 

LS174T & sIgA-coated 

vs. Medium† 
33.2 54.3 

LS174T & sIgA-coated 

vs. Uncoated†† 
66.1 75.7 

LS174T & sIgA-coated 

vs. Control‡ 
31.9 58.7 

 

LS174T vs. sIgA-coated 

 
17.4 21.7 

 

LS174T vs. Medium 

 

88.7 68.6 

 

LS174T vs. Uncoated 

 
11.7 17.0 

 

LS174T vs. Control 

 
75.2 74.6 

 

sIgA-coated vs. Medium 

 
20.4 34.0 

sIgA-coated vs. 

Uncoated  
65.9 83.1 



272 
 

Biofilm Capture Experiment Comparison 2h 4h Gel-defined cut-off 

All treatments and controls 

 

Medium vs. Uncoated 

 
24.3 26.2 

81.1 

 

Medium vs. Controls 

 
13.4 20.4 

 

Uncoated vs. Silicone 

 
73.0 66.5 

 

sIgA-coated vs. Control 

 
13.2 21.5 

*Early colonizer communities cultured on spent LS174T media-conditioned sample sections 

** Early colonizer communities cultured on sIgA-coated Turbobeads  

† Early colonizer communities cultured on unused LS174T medium sample sections 

††Early colonizer communities cultured on uncoated Turbobeads 

‡Early colonizer communities cultured on silicone sample sections 
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Table C.2 Donor B2 %SI correlation coefficients for the capture experiments comparing all treatments and controls.  The %SI values 

were averaged for each capture experiment duplicate.  Values in bold fell at least 5% below the gel-defined cut-off threshold. 

Biofilm Capture Experiment Comparison 2h 4h Gel-defined cut-off 

All treatments and controls 

 

LS174T* & sIgA-

coated** vs. LS174T 

 

54.7 68.6 

74.5 

LS174T & sIgA-coated 

vs. sIgA-coated 
48.1 20.5 

LS174T & sIgA-coated 

vs. Medium† 
53.6 48.8 

LS174T & sIgA-coated 

vs. Uncoated†† 
52.7 49.9 

LS174T & sIgA-coated 

vs. Control‡ 
50.7 60.0 

 

LS174T vs. sIgA-coated 

 
46.9 25.1 

 

LS174T vs. Medium 

 

78.8 51.2 

 

LS174T vs. Uncoated 

 
51.6 55.6 

 

LS174T vs. Control 

 
62.8 67.8 

 

sIgA-coated vs. Medium 

 
52.4 21.4 

sIgA-coated vs. 

Uncoated  
58.2 24.9 
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Biofilm Capture Experiment Comparison 2h 4h Gel-defined cut-off 

All treatments and controls 

 

Medium vs. Uncoated 

 
44.2 30.0 

74.5 

 

Medium vs. Controls 

 
54.8 55.8 

 

Uncoated vs. Silicone 

 
61.0 44.4 

 

sIgA-coated vs. Control 

 
63.8 59.6 

*Early colonizer communities cultured on spent LS174T media-conditioned sample sections 

** Early colonizer communities cultured on sIgA-coated Turbobeads  

† Early colonizer communities cultured on unused LS174T medium sample sections 

††Early colonizer communities cultured on uncoated Turbobeads 

‡Early colonizer communities cultured on silicone sample sections 
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Table C.3 Donor C1 %SI correlation coefficients for the capture experiments comparing all treatments and controls.  The %SI values 

were averaged for each capture experiment duplicate.  Values in bold fell at least 5% below the gel-defined cut-off threshold. 

Biofilm Capture Experiment Comparison 2h 4h Gel-defined cut-off 

All treatments and controls 

 

LS174T* & sIgA-

coated** vs. LS174T 

 

59.6 53.8 

76.6 

LS174T & sIgA-coated vs. 

sIgA-coated 
61.3 32.6 

LS174T & sIgA-coated vs. 

Medium† 
61.3 34.4 

LS174T & sIgA-coated vs. 

Uncoated†† 
49.6 28.2 

LS174T & sIgA-coated vs. 

Control‡ 
22.2 34.7 

 

LS174T vs. sIgA-coated 

 

84.2 53.4 

 

LS174T vs. Medium 

 

79.2 48.8 

 

LS174T vs. Uncoated 

 
63.8 36.2 

 

LS174T vs. Control 

 
23.1 51.1 

 

sIgA-coated vs. Medium 

 

81.6 87.4 

sIgA-coated vs. 

Uncoated 
70.7 71.0 
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Biofilm Capture Experiment Comparison 2h 4h Gel-defined cut-off 

All treatments and controls 

 

Medium vs. Uncoated 

 
11.1 85.2 

76.6 

 

Medium vs. Controls 

 
61.6 76.2 

 

Uncoated vs. Silicone 

 
15.3 85.7 

 

sIgA-coated vs. Control 

 
19.6 72.6 

*Early colonizer communities cultured on spent LS174T media-conditioned sample sections 

** Early colonizer communities cultured on sIgA-coated Turbobeads  

† Early colonizer communities cultured on unused LS174T medium sample sections 

††Early colonizer communities cultured on uncoated Turbobeads 

‡Early colonizer communities cultured on silicone sample sections 
 

 

 

 

 

 

 

 



277 
 

Table C.4 Donor C2 %SI correlation coefficients for the capture experiments comparing all treatments and controls.  The %SI values 

were averaged for each capture experiment duplicate.  Values in bold fell at least 5% below the gel-defined cut-off threshold. 

Biofilm Capture Experiment Comparison 2h 4h Gel-defined cut-off 

All treatments and controls 

 

LS174T* & sIgA-

coated** vs. LS174T 

 

81.9 73.2 

88.9 

LS174T & sIgA-coated 

vs. sIgA-coated 
74.3 57.8 

LS174T & sIgA-coated 

vs. Medium† 
69.8 79.6 

LS174T & sIgA-coated 

vs. Uncoated†† 
63.7 66.8 

LS174T & sIgA-coated 

vs. Control‡ 
52.1 61.8 

 

LS174T vs. sIgA-coated 

 
59.6 57.0 

 

LS174T vs. Medium 

 
57.3 75.5 

 

LS174T vs. Uncoated 

 
72.6 61.1 

 

LS174T vs. Control 

 
69.0 57.1 

 

sIgA-coated vs. Medium 

 
82.8 59.5 

sIgA-coated vs. 

Uncoated 
64.5 59.6 
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Biofilm Capture Experiment Comparison 2h 4h Gel-defined cut-off 

All treatments and controls 

 

Medium vs. Uncoated 

 
42.4 49.2 

88.9 

 

Medium vs. Controls 

 
70.8 74.1 

 

Uncoated vs. Silicone 

 
57.4 68.7 

 

sIgA-coated vs. Control 

 
82.5 80.4 

*Early colonizer communities cultured on spent LS174T media-conditioned sample sections 

** Early colonizer communities cultured on sIgA-coated Turbobeads  

† Early colonizer communities cultured on unused LS174T medium sample sections 

††Early colonizer communities cultured on uncoated Turbobeads 

‡Early colonizer communities cultured on silicone sample sections 
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Table C.5 Donor B1 %SI correlation coefficients for the biofilm capture experiments comparing unused LS174T medium to each of 

its components.  The %SI values were averaged for each biofilm capture experiment duplicate.  Values in bold were those above the 

5% gel-defined cut-off threshold. 

Biofilm Capture 

Experiment 
Comparison 2h 4h Gel-defined cut-off 

Unused LS174T 

medium vs. LS174T 

medium components 

Unused LS174T 

medium vs. NaHCO3 
42.6 64.6 

82.1 

Unused LS174T 

medium vs. Sodium 

Pyruvate 

61.6 69.5 

Unused LS174T 

medium vs. HEPES 
47.5 73.3 

Unused LS174T 

medium vs. DMEM 
47.5 57.4 

Unused LS174T 

medium vs. Fetal Bovine 

Serum 
85.5 88.5 
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Table C.6 Donor C1 %SI correlation coefficients for the biofilm capture experiments comparing unused LS174T medium to each of 

its components.  The %SI values were averaged for each biofilm capture experiment duplicate.  Values in bold were those above the 

5% gel-defined cut-off threshold. 

Biofilm Capture 

Experiment 
Comparison 2h 4h Gel-defined cut-off 

Unused LS174T 

medium vs. LS174T 

medium components 

Unused LS174T 

medium vs. NaHCO3 
41.9 29.4 

72.4 

Unused LS174T 

medium vs. Sodium 

Pyruvate 

57.3 52.2 

Unused LS174T 

medium vs. HEPES 
41.2 52.3 

Unused LS174T 

medium vs. DMEM 
57.5 60.2 

Unused LS174T 

medium vs. Fetal Bovine 

Serum 
83.5 81.1 
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Figure C.1 16S-DGGE biofilm community profiles of donor B1 and C1 at 1-hour time points.  

Depicted are profiles comparing unused LS174T medium-conditioned and fetal bovine serum-

conditioned silicone tubing sample sections. 

 

 

 

 

 

 

Lane a – Donor B1, unused LS174T medium 

Lane b – Donor B1, fetal bovine serum 

 

Lane c – Donor C1, unused LS174T medium 

Lane d – Donor C1, fetal bovine serum 
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Table C.7 The bacterial families (by donor) found to be significantly higher (P < 0.05) in the planktonic community compared to 1-

hour biofilm (substrate treatment and control) samples based on 16S rRNA gene sequencing data. 

Donor Bacterial Family P-value 
Average Relative 

Abundance 
Standard Deviation 

B1 

Rikenellaceae 0.002 0.02 0.003 

Verrucomicrobiaceae <0.0001 0.09 0.001 

Sutterellaceae 0.0004 0.006 0.001 

Aerococcaceae <0.0001 0.004 0.0002 

     

B2 Prevotellaceae 0.0002 0.61 0.02 

     

C1 

Rikenellaceae 0.01 0.05 0.004 

Verrucomicrobiaceae 0.0006 0.11 0.008 

Bacteroidaceae <0.0001 0.42 0.01 

Sutterellaceae <0.0001 0.006 0.0005 

Prevotellaceae 0.02 0.003 0.001 

     

C2 
Veillonellaceae 0.04 0.01 0.002 

Acidaminococcaceae <0.0001 0.07 0.007 
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Appendix D: 

 

Chapter 5 
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Table D.1 %SI correlation coefficient values generated from 16S rRNA gene sequencing data comparing samples taken of MET-2 

(A-D) communities on day 6 of their respective chemostat runs, where MET-2A & C are biological replicates and MET-2B & D are 

biological replicates. 

 MET-2A Day 6 MET-2B Day 6 MET-2C Day 6 MET-2D Day 6 

MET-2A Day 6 100    

MET-2B Day 6 98.3 100   

MET-2C Day 6 99.6 96.6 100  

MET-2D Day 6 98.4 99.8 96.9 100 

 

Table D.2 %SI correlation coefficient values generated from 16S rRNA gene sequencing data comparing samples taken of MET-2 

(A-D) communities on day 12 of their respective chemostat runs. 

 MET-2A Day 12 MET-2B Day 12 MET-2C Day 12 MET-2D Day 12 

MET-2A Day 12 100    

MET-2B Day 12 99.9 100   

MET-2C Day 12 96.1 95.6 100  

MET-2D Day 12 98.8 98.7 98.8 100 

 

Table D.3 %SI correlation coefficient values generated from 16S rRNA gene sequencing data comparing samples taken of MET-3 

(A-D) communities on day 6 of their respective chemostat runs, where MET-3A & C are biological replicates and MET-3B & D are 

biological replicates. 

 MET-3A Day 6 MET-3B Day 6 MET-3C Day 6 MET-3D Day 6 

MET-3A Day 6 100    

MET-3B Day 6 99.9 100   

MET-3C Day 6 99.9 99.9 100  

MET-3D Day 6 99.6 99.7 99.8 100 
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Table D.4 %SI correlation coefficient values generated from 16S rRNA gene sequencing data comparing samples taken of MET-3 

(A-D) communities on day 12 of their respective chemostat runs. 

 MET-3A Day 12 MET-3B Day 12 MET-3C Day 12 MET-3D Day 12 

MET-3A Day 12 100    

MET-3B Day 12 94.4 100   

MET-3C Day 12 93.6 99.3 100  

MET-3D Day 12 92.4 99.6 99.8 100 
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Figure D.1 Dendrogram comparing steady state (Days 16-24) MET-2 (A-D) community 16S-

DGGE profiles.  Dendrograms are based on Pearson and UPGMA correlation. 
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Figure D.2 Dendrogram comparing steady state (Days 16-24) MET-3 (A-D) community 16S-

DGGE profiles.  Dendrograms are based on Pearson and UPGMA correlation. 
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